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Abstract

Abstract

Pichia pastoris is recognized as one of the most efficient celltdaes for the

production of recombinant proteins. More than 506tgans have been expressed
using this systen®. pastoris combines the ability of growing on minimal medium a
very high cell densities with secreting the hetegous protein, aiding to their

recovery.

In this work, the selected target protein has bedhe recombinan®hizopus oryzae
lipase (ROL). The heterologous ROL productiorPimpastoris Paox: (Mut) fed-batch
cultures has been studied for bioprocess monitoaimgy control, kinetic modelling,

and the design and development operational stestegi

The first step in the research has been the estimat biomass, substrate and specific
growth rate (1) by means of two non-linear obseraard a linear estimator. The aim
of this study has been to compare the performanhdbkeodifferent algorithms ire.

pastoris bioprocesses.

Heterologous protein production is closely relateg. So, due to its high relevance in
the bioprocess, U has been estimated by on-linargggses or substrate concentration
measurements. Biomass and substrate have beeghstewvardly obtained solving

their corresponding mass balances.

The most frequently used cultivation strategy thiege high cell densities and high
heterologous protein production levels withoR-(Mut’)-based system is the fed-
batch operation. The standard operational strateg@ie based on the control of the
substrate concentration close to zero (limitingtsigies) or keeping the concentration
at a constant value (non-limiting strategies). @guently, the effect of methanol non-

limiting fed-batch (MNLFB) and methanol limited fdxhtch (MLFB) operational
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strategies on ROL production has been studied.el'mast commonly applied control
strategies allow maintaining rather constant kegcsjc rates: cell growth (u),

substrate uptake {g and protein production g through the quasi-steady state
hypothesis for substrate. Results have been amhliyzerder to determine the most

suitable operating conditions in terms of yieldd anoductivities.

Furthermore, mean specific rates and state vasdalole various fed-batch cultures,
under methanol limited and non-limited conditionsrevused for modeling. Hence, an
unstructured macrokinetic model for heterologousLR®oduction by aP. pastoris
Paox1 based system has been developed. Then, a companmat¥a-analysis of
heterologous protein production of various targetgins byP. pastoris underAOX1
promoter has been conducted and a general stridegyproving protein production

from process kinetics was developed as a key forboess optimization.

Additionally, the characterization of oxygen trasrsf capacity in different
laboratory/pilot scale bioreactors has been studldéw oxygen transfer model was
also developed and validated in heterologous RQ@idyption byP. pastoris under
AOX1 promoter. Finally, the previous kinetic model faterologous ROL production
and oxygen transfer model have been applied toneleélternative operational
strategies based on oxygen limited fed-batch opesmt(OLFB) and have been

compared to the standard strategies.




Resumen

Resumen

Pichia pastoris es identificada como una de las factorias celular&s eficientes para

la produccion de proteinas recombinantes. Mas @epbiteinas han sido expresadas
usando este sistema de expresiBn.ppastoris combina la habilidad de crecer en
medios minimos a altas densidades celulares codelasecrecion de proteina

heteréloga, ayudando a su recuperacion.

En este trabajo, la proteina modelo seleccionattalgmsa recombinante dRbizopus
oryzae (ROL). La produccion heterdloga de ROL en cultifessbach de P. pastoris
Paox: (Mut®) ha sido estudiada desde el punto de vista deotdtorizacion y control
del bioproceso, la modelizacién cinética y el disefi desarrollo de estrategias

operacionales.

El primer paso en la investigacion ha sido la estidn de la concentracion de
biomasa, sustrato y velocidad especifica de creaitni(.) mediante dos observadores
no lineales y uno lineal. El objetivo de este estuth sido comparar las prestaciones

de los diferentes algoritmos en bioproces®daastoris.

La produccidn de proteina recombinante esta estneehte relacionada con la . Por
lo tanto, debido a su elevada relevancia en elrbagso, p fue estimada utilizando el
analisis de los gases de salida en linea o lasdaeedie la concentracion de sustrato.
La biomasa y el sustrato fueron obtenidos directaenele sus correspondientes

balances de materia.

La estrategia de cultivo mas frecuentemente utiizeara conseguir altas densidades
celulares y elevada produccion de proteina hetgadton el sistemasB (Mut’) es
la operacidnfed-batch. Las estrategias operacionales estandar estanldsasa el

control de la concentracion de sustrato proximasem (estrategias limitantes) o
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manteniendo la concentracion a un valor contansérafegias no limitantes). En
consecuencia se estudio el efecto de las estrategaacionalefed-batch de metanol

no limitante (MNLFB) y metanol limitante (MLFB) ela produccion de ROL. Estas
son las estrategias de control mas comunes guentieomo objetivo mantener
contantes las velocidades especificas claves:noiewio celular (1), consumo de
sustrato (¢ y produccion de proteina glga partir de la hipotesis de estado quasi-
estacionario para el sustrato. Los resultados sdizaron con el objetivo de

determinar la condicidbn mas apropiada en funcioreddimientos y productividades.

Las velocidades especificas medias y las varialdesstado para varios cultivasif
batch, bajo condiciones de metanol limitante y no limieg se usaron para el
desarrollo de un modelo macrocinético no estrudtugzara la produccién heterdloga
de la ROL por el sistemi. pastoris Paox1. Posteriormente, se ha realizado un meta-
analisis comparativo sobre la produccion de vasrateinas heterdlogas modelo para
P. pastoris bajo el promotoiAOX1 y se ha desarrollado una estrategia general para
mejorar la produccion de proteinas a partir de iteéética como clave para la

optimizacién del proceso.

Adicionalmente se ha estudiado y caracterizadoal@acdad de transferencia de
oxigeno en diferentes biorreactores a escala laravay piloto. EI modelo de

transferencia de oxigeno ha sido también desatimNavalidado en la produccion de
ROL en P. pastoris bajo el promotorAOX1. Finalmente, el modelo cinético
previamente desarrollado para la produccion heigedlde ROL y el modelo de
transferencia de oxigeno han sido aplicados pafiaidestrategias alternativas de
operacion basadas en operaciones con oxigeno nimi{®LFB) comparandose con

las estrategias estandar.
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Objectives

The main goal of the present thesis is a Model-based design and implementation of

operational strategies for Rhizopus oryzae lipase production in Pichia pastoris

phenotype Mut”™ under the AOX1 promoter using methanol as sole carbon source. To

achieve this general objective, the PhD thesis has been organized to achieve the

following detailed objectives:

To design and develop algorithms for on-line estimation of the state variables,
biomass and substrate and the specific growth rate for the heterologous protein
production in P. pastoris cultures.

To study the impact of the residual methanol concentration in the recombinant
R. oryzae lipase expression in fed-batch cultures by the P. pastoris Paoxi
(Mut™) cell factory.

To study the kinetics for the heterologous protein production in P. pastoris
cultures and specifically, modeling the kinetics for the R. oryzae lipase
expression by the P. pastoris Paoxi(Mut+)-based system.

To characterize the oxygen transfer capacity of some bioreactors at laboratory
and pilot scale.

To design and implement standard and aternative operational strategies to
improve the heterologous R. oryzae lipase production in fed-batch cultures by

the P. pastoris Paox1 (Mut®) cell factory.
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Chapter 1 - Introduction

1. Introduction

1.1. Recombinant expression systems

The recombinant protein production in microorgarsdms been developed in order to
produce the suitable stable and functional proteihigher amount than by isolation
from the native source (Porro et al., 2011). Tht fheterologous protein product
using genetic recombination was the human insufin 1B77. Nowadays, the
recombinant production of biopharmaceuticals islaba@ business, particularly the
recombinant antibodies and vaccines (Bill et @14). The biosynthesis of numerous
valuable molecules such as antitumor, anticancgivieal, antiparasitic, antioxidant,
immunological, enzymes, antibiotics and hormonestlae main applications (Jeandet
et al.,, 2013). Modern biotechnology are based artebia, lower eukaryotes (yeasts
and fungi), invertebrates (insect cells and larvae)ytebrates (cells and transgenic
animals), and plants (cells and transgenic plaatpyession systems for heterologous
protein expression (Demain and Vaishnav, 2009;Kgisdena, 2010; Porro et al., 2011;

Valero 2013; Bill et al., 2014).

Bacteria expression systems are easy to culturgeriorm genetic modifications, to
grow rapidly in minimal basalt media, achievingtigroduct yield and easy to scale
up. The disadvantages are the lack of post-traoskdt modifications (glycosylation
and disulfide bonds formation), problems with prot®lding, which imply expensive
downstream and purification difficultieEscherichia coli is still the most popular host
cell for producing recombinant proteins in both coencial and research applications.
Recent new progresses I coli system have been developed for producing

glycosylated proteins but glycosylation homogenéig not achieved (Chen, 2012;




Chapter 1 - Introduction

Corchero et al., 2013). Other bacteria expressietem, such aksactoccocus lactis, is

a great choice to express membrane proté?saudomonas systems have achieved
product titers comparable & coli systems. AdditionallyStreptomyces, coryneform
bacteria, and halophilic bacteria have emergecddent years as alternative bacterial
expression systems (Demain and Vaishnav, 2009; ,Ck@t2; Gopal and Kumar,

2013),

Yeast and fungi are eukaryotic organisms capablgroiving at high growth rates
similar to bacteria, can produce a high yield afreed recombinant proteins reaching
high productivities, assist on protein folding, rgaout post-translational modifications
similar to higher eukaryotic cells and allow scghmp the bioprocess. The
glycosylation patter differs between species and éxample yeasts tend to
hiperglycosilate (high level of mannose). Yeast amdyal homologous proteases may
reduce the recombinant product yield. Some typicgdast and fungi expression
systems areSaccharomyces cerevisiae, Pichia pastoris, Hansenula polymorpha and
Aspergillus niger (Porro et al., 2011, Celik and Calik, 2012; Mattaich et al., 2012;

Ward, 2012; Valero, 2013; Bill et al., 2014; Neeaken and Peterson, 2014).

Insect cell lines are able to perform many of thetgranslational modifications such
as glycosylation, disulfide bond formation and pitawylation of many complex
proteins, the bioprocess is scalable and safe. Menyvéhis expression system grows
slower than bacteria, yeast and fungi, needs mapersive media to produce
recombinant protein production and may originateairellular aggregates due to
misfolded proteins. The baculovirus-insect cell reggion system has been explored

for the production of viral and parasitic antigesusd, more recently, commercial
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vaccines. The common host $odoptera frugiperda and baculovirus is the most

typically vector Autographa californica) (Cox, 2012; Kollewe and Vilcinskas, 2013).

Therapeutic protein production in transgenic plaistssafe (low risk of animal
pathogens contamination), low cost of upstream hesnprocess and flexible
production scalability. Plants are considered astantial bioreactor system for virus
vectors. Although high levels of accumulation obtein in plant issues could be
reached, low yield of recombinant soluble protemmasy be recovered and it requires
expensive downstream process, it represents u®% & overall production costs
(Fischer et al., 2012). Proteolysis and plant-dpedN-glycosylation pattern of
glycosylated proteins are the main drawbacks. Hewewew strategies irN-
glycosylation engineering for humanization the plgigcosylation pathway have been
explored (Gomord et al., 2010; Kim et al., 2014heTrepresentative transgenic

expression system Micotiana tabacum (Mason et al., 1992).

Mammalian expression system is selected when tb&ips require proper folding,
human-like post-translational modifications. Mamiaal cells, compared with the
previous cell factories, grow slower, product titie lower too, virus is the higher
potential contamination focus agents when processegsire exogenous animal
proteins such as serum, cell line developmentvisrg time-consuming process which
takes at least 6 months, the cost of the culturdianes expensive and also the
investment for scale-up the process (Bil, 2014; ddac et al., 2014). Various

mammalian cell lines such as Chinese hamster d@i)), mouse myeloma (NSO0),
baby hamster kidney (BHK), human embryonic kidn®EK-293), and human

embryonic retinoblast (PER.C6) cells have beenbéisteed. Nevertheless, almost all
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approved mammalian cell-derived biopharmaceuticalgins have been produced in

CHO cells (Lai et al., 2013, Maccani et al., 2014).

To sum up, the expression system of recombinantijm® is selected depending on
the target protein. Approximately 20% of biopharew#ecal proteins are produced in
yeasts 30% irk. coli and 50% in mammalian cell-lines and hybridomasrréfe
Miralles et al., 2009; Mattanovich et al., 2012|I,B2014). The mammalian cell-lines
are currently the workhorse of the biopharmacelirchustry because they are able to
produce complex recombinant proteins with humamrafiyrms, which are bioactive
in humans. However, new advances have been dewkelo@dl expression systems to
produce recombinant human proteins with humaniteglycans (Bill, 2014; Maccani

et al., 2014).

1.2. The methylotrophic yeasts

In the early 1970's, methylotrophic yeasts werdalistli for the production of yeast
biomass for single cell protein application fromthaol as the sole carbon and
energy source by Phillips Petroleum Company (Poteinal., 2012). However, in
1980’s, the interest on this group of yeast wasuded in their potential as
recombinant production systems due to their abibtgrow to high cell densities in a
basal media and the strong high expression of metlidizing enzymes induced by

methanol (Yurimoto et al 2011; Mattanovich et a012).

Nowadays, the methylotrophic yeasts used as a fwstrecombinant protein
expression arePichia pastoris (also called Komagataella pastoris), Hansenula

polymorpha (formerly Pichia Angusta), Pichia methanolica, Candida boidinii and

10
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Pichia minuta (or Ogataea minuta). They are exploited as cellular factories in
industrial and academic applications for recombirmmanduction of a large number of
proteins including enzymes, antibodies, cytokingissma proteins, and hormones

(Hartner and Glieder, 2006; Mattanovich et al.,201

The methanol-utilizing pathway of all methylotrophjeasts is analogous. A methanol
metabolism schema from Yurimoto et al., (2011) heveed in Figure 1. Methanol
(CH3OH) is first oxidized by alcohol oxidase (AOX) torin formaldehyde (C{D)
and hydrogen peroxide (B»,), which are both highly toxic compounds. The hyno
peroxide formed is removed by the action of a ea®&(CTA) (Yurimoto et al., 2011).
A portion of formaldehyde generated by AOX, leapesoxisome to be oxidized to
formate, and finally to Cg) the rest can be assimilated into carbohydratela (& al.,

2007).

- CH;0H

- NAD* NADH
|CH:OH > CHa2 (OH)OCH; <> HCOOCH;
O ~ /
1/20; + H20 6—— H,0, ./ et e NAD* NADH
v S
IILIHU'%—ﬁ(ih-(iligi)ll-—)(iﬁ till;““%tiﬁ CHO @m:mm
RCOOH  RCOOOH GSH < GSH
o NAI
w’w'_ -— Pl Xu5P ¢ XusP ¢ ADT
P 3 v\ \ _ (FDHJ
!’*T(- GSH  pHA GAP \ > 1/3GAP  NADH&"
| | / _
\ J l i A J Co;
N/ o e o |
@ )—>FBP ———F6P Cell
@\_,’ DHAP constituents

Figure 1.: Methanol metabolism schema in methylotrophic yedsigure is obtained from Yurimoto et
al 2011.
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The formaldehyde oxidized to G@y the cytosolic dissimilation pathway is to syppl
a source of energy (NADH) (Gao and Shi, 2013). Fddehyde reduced form of
glutathione (GSH) to generate S-hydroxymethyl dhitme (GS-CHOH). The
dependent formaldehyde dehydrogenase (FLD) regesethe NADH from NAD
catalyzing the Sformylglutathione (GS-CHO) formation from GS-@BH. S-
formylglutathione hydrolase (FGH) hydrolyses the -GSO in formate and
glutathione. The final oxidation of formate to pune CQ and regenaretes the NADH

is catalyzed by the formate dehydrogenase (FDHji(vato et al., 2011).

Formaldehyde assimilation pathway involves a dibyglacetone synthase (DAS),
which catalyses the following reaction: formaldedysd fixed to xylulose 5-phosphate
(Xu5P) forming dihydroxyacetone (DHA) and glyceehyde 3-phosphate (GAP),
which are used for the synthesis of cell constitsieand the regeneration of Xu5P
(Yurimoto et al., 2011). The enzymes (AOX, CTA d»S) are peroxisomal (Sola et
al., 2007). DHA and GAP are further assimilated hwit the cytosol. DHA is

phosphorylated by dihydroxyacetone kinase (DHAK)nd,a subsequently,

dihydroxyacetone phosphate (DHAP) and GAP formtérse 1,6-bisphosphate which
is then utilized for regeneration of Xu5P and faodynthesis of cell constituents

(Yurimoto et al., 2011).

Under pure methanol induction, glycolysis route dhd tricarboxylic acid (TCA)
cycle flux are either blocked or weakened, and &d®hyde dissimilatory pathway is
considered as the only route for energizing proteid cell synthesis (Gao and Shi,

2013)

12
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1.3.Pichia pastoris as an expression system

In the 1970sP. pastoris high density cultivations (higher than 100 g dryl eesight
/L) were performed by Phillips Petroleum Companseékrishna 2010). In the 1980s,
efficient classical and molecular tools were depetb for recombinant expression in
P. pastoris in order to exploit pathway of methanol utilizatiér protein production

(Cereghino and Cregg, 2000).

P. pastoris combines the ability of growing on minimal mediurmvery high cell
densities with secreting the heterologous protaiding to their recovery (Cos et al.,

2006D).

NowadaysP. pastoris is recognized as one of the most efficient celtdaes for the
production of recombinant proteins (Macauley-P&tret al., 2005; Potvin et al.,
2012). More than 500 proteins have been expressieg this systen{Cregg, 2014)
and it also has been selected by several proteiduption platforms for structural

genomics programs (Yokohama et al., 2003).

Also, it performs many of the higher eukaryotic tpwaductional modifications such
as processing of signal sequences (both pre amiogptgpe), folding, disulfide bond
formation, certain types of lipid addition and gbgglation (O-and N-linked

oligosaccharide structures) (Cereghino and Cre@@)2Gao and Shi, 2013).

Nevertheless, the most important characteristie. pastoris as host microorganism is

the existence of a strong and tightly regulatednmter from the alcohol oxidase 1

13
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gene, the alcohol oxidase 1 promoteiolf?) (Cereghino and Cregg, 2000; Cos et al.,

2006b; Potvin et al., 2012).

1.3.1.A0OX Promoters

Currently, the Roxi is the most widely promoter used in tRechia system for
recombinant protein expression and it has assakcthteuse of methanol as an inducer
substrate (Cereghino and Cregg, 2000). There apeataohol oxidase genes B
pastoris that code for AOX enzyme, the alcohol oxidase leg@&DX1), which is
responsible for greater than 90% of the enzyméeéncell, and the alcohol oxidase 2
gene AOX2) for less than 10%. There are three typeP.qgfastoris host phenotypes
available that vary regarding their ability to @ methanol. The wild type or
methanol utilization plus phenotype (Mytand those resulting from deletions in the
AOX1 gene (methanol utilisation slow Miitor bothAOX genes (methanol utilization

minus Mut) (Cos et al., 2006b; Potvin et al., 2012).

High expression levels of recombinant Antithrombih (Mochizuki et al., 2001),
mini-proinsulin (Pais et al., 2003) and horseradmdroxidase isoenzyme C1A
(Dietzsch et al., 2011) proteins using they,® or with a truncated version of the
promoter have been reported. However, the expmdsiels using the Bx; have
been higher than those reported for thgxf?(Cos et al., 2006b). Some examples of
proteins expressed usingdr: are: humarpz-glycoprotein | Domain V (Katakura et
al., 1998), heavy-chain fragment C of botulinumnogaxin serotype A (Zhang et al.,
2000), human chymotrypsinogen B (Curvers et al0220hirudin variant 2 (Zhou and

Zhang, 2002) and single-chain variable fragmenbady (Yamawaki et al., 2007).
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1.3.2.GAP Promoter

In recent years, the glyceraldehyde-3-phosphatgdilebenase constitutive promoter
(Peap) has emerged as the most used alternativgda PMaurer et al., 2006; Heyland
et al., 2011). Bap is strong and constitutiv®. pastoris promoter GAP promoter
allows the protein expression using glucose, ghjcand other carbon sources as a
substrate. Several studies have reported kti® more efficient than &8x;, whereas
others showed opposite results (Potvin et al., R0Operationally, the protein
expression by kx: is performed during an induction phase, where ooiganisms
grow at slower growth rate than during the non-octdun phase. In contrast, the
constitutive protein expression can be performeathduall culture at the same growth
rate by using Exp. When the protein expression does not impact neggatn the cell
growth rate, the use ofs for protein expression, instead ofdki, may improve the
bioprocess productivity (Volg and Glieder, 2013hus, it appears that expression
levels achieved for a given protein using differpramoters vary significantly based

on properties of the expressed protein (Garciagares al., 2013).

The use of the constitutiv€GAP promoter avoids the use of methanol in the
fermentations. So, from a large-scale processimgpeetive, the Exp expression

system may be advantageous because it eliminadsattard and cost associated with
the storage and delivery of large volumes of mathand significantly decreases heat

production and oxygen requirements of the procedsedand et al., 2010).

High expression levels of recombinant antibody Falgment (Maurer et al., 2006;
Baumann et al., 2008; Garcia-Ortega et al., 20C@&)dida rugosa lipase (Zhao et al.,

2008) and phytase (Tang et al., 2010) proteingyusiePsapr have been reported.
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1.3.3.FLD1 Promoter

The FLD1 gene encodes a formaldehyde dehydrogenase (Fh@nzayme that plays
an important role in the methanol catabolism adaarsource, as well as in the
methylated amines metabolism as nitrogen source. Ftp; from P. pastoris was

tightly and independently induced either by metham@s carbon source or

methylamine as nitrogen source (Resina et al., 2004

Moreover, the BRp; has shown similar transcriptional efficiency anghtiregulation
as Roxi. Nonetheless, theg: was used for methanol-independent expression of
foreign genes irP. Pastoris using methylamine as sole nitrogen source and toduc

(Cos et al 2005a, Resina et al., 2005).

Gelatin and green fluorescent protein under thérobaf Paox: and R pi respectively,
were simultaneously expressedRn Pastoris (Duan et al., 2009)Rhizopus oryzae

lipase was successfully expressed unggs:RResina et al., 2004, 2005).

1.3.4. Alternative promoters
1.3.4.1.DAS promoters

P. pastoris dihydroxyacetone synthase promotepAdp is a strong and inducible
promoter from the methanol utilization pathway simgyva similar regulatory pattern
and expression level asd®;. There are two highly similddAS genes inP. pastoris

(91 % similarity). The transcription @ASL andDAS2 was found to be equally high

induced upon methanol induction (Vogl and Glie@&13).
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Different approaches have been reported using DAS promoters. Alternative
expression to Rx1 was performed by using the promoter sequencBASR for B-
galactosidase expression (Takagi et al., 2012). tkn other hand, horseradish
peroxidase (HRP) an@andida antarctica lipase B (CalB) were coexpressed by the

methanol induction odDASL andAOX2 promoters (Krainer et al., 2012).

1.3.4.2.PGK1 promoter

Phosphoglycerate kinasd’GK) is a constitutively expressed housekeeping gene
involved in glycolysis and gluconeogenesis. Biesubtilis a-amylase was expressed
in P. pastoris by using the Rski. Three different carbon sources were used to asgul
the expression. mRNA levels were two times higheglucose than glycerol. Similar
a-amylase expression levels were observed in tgg Rnd Rck1 by methanol carbon
source (de Almeida et al., 2005). However, thengfite of Bgk; was evaluated by the
expression of three different proteirfsGal, HSA and GFP). k1 showed a weak

driven expression, only 10% of PGAP (Stadimayr.e2810).

1.3.4.3.TFL1 promoter

Translation elongation factor 1 alpha (TEF1) isac@l component of the eukaryotic
translation machinery and mediates the delivergminoacyl tRNAs to the ribosomes
to sustain the elongation of the peptide chain. Phg; is a strong constitutive
promoter highly coupled to the growth rate, sugalibr heterologous protein

production (Volg and Glieder, 2013).

Lipase from Bacillus stearothermophilus L1 fused to a cellulose binding domain

(CBD) from Trichoderma harzianum (CLLip), enhanced green fluorescent protein
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(eGFP),p-galactosidaseptGal) and human serum albumin (HSA) were expressed
under Rer; and Rap. Prerr driven expression was similar tgA8 (Ahn et al., 2007;

Stadlmayr et al., 2010).

1.3.4.4 AOD promoter

Mitochondrial alternative oxidases (AOX or AOD) d&ey enzymes for a shortcut to
the standard respiratory pathway in plants, manygifuand yeasts. Alternative
oxidases are involved in stress responses, progeanuell death and maintenance of

the cellular redox balance (Volg and Glieder, 2013)

The fusion protein of the alternative oxidase arflPGAOD-GFP) expression was
tested under control of the AOD promoter and thePG#&omoter. Ry is a strong
promoter, not only depend to the methanol carbarrcgofor induction, achieving

similar expression levels ag/ on glucose (Kern et al., 2007).

1.3.4.5.PHO89 promoter

P. pastoris PHO89 gene encodes the putative ‘Naupled phosphate symporter
(PHOB89). The putative promoter of PHO89 showed rangt regulation by the

phosphate concentration in the growth medium. Tée of a phosphate-responsive
promoter is an alternative to constitutive and oidle promoters to drive expression

of a heterologous gene i pastoris (Volg and Glieder, 2013).

The lipase gene fronB. stearothermophilus L1 fused to the CBD (CLLip) was
expressed underpRbse. Prrose driven expression appears showing similar expoassi

levels as Bap and Rer1 (Ahn et al., 2009).
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1.3.4.6.THI11 promoter

THI11 gene ofP. pastoris codes the protein involved in synthesis of tharthine
precursor hydroxymethylpyrimidine 11 is regulated by the availability of thiamine
in the growth medium. The eGFB-Gal and HSA expression were evaluated under
inducer Ry12 and compared to constitutive B in batch (shake flask) and fed-batch
operational modes. In the absence of thiamine g@lagive expression levels ofiki1

are growth phase dependent in the range of 19-7@¥%pared to Exp wWhile the

addition of thiamine repressesiR: (Stadlmayr et al., 2010; Delic et al., 2013).

1.3.4.6.GTH1 promoter

The high affinity glucose transporter gen&TH1) is under the control of the
innovative promoter &y:. DNA microarray analysis was used to identify gength
both, strong repression on glycerol and high-lesgression on glucose. Six novel
promoters abbreviated P Pss, Pss, Pss, Po7 and Rg) were applied to express the
eGPF. The highest eGPF expression level in preradiwere achieved with the:
(alos named ). The HSA expression levels under inducef:> was compared to
constitutive Rap, where was increased 2-fold. These six promotergigeca tool box
for recombinant genes expression, where theyPshows the best performance

(Prielhofer et al., 2013).

1.3.4.5. Weak alternative promoters
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The YPT1 gene encodes a guanosine triphosphatd$tagg) involved in secretion.
The bacterial beta-glucuronidase (GUS) expressioas wperformed with the
constitutiveGAP andYPT1 promoters and the inducibledy;. Although, a weak GUS
expression was observed under therH>10 times weaker thanzk), the expression
was driven on different carbon sources: glucose¢hamol, or mannitol (Sears et al.

1998).

The PEX8 gene encodes a peroxisomal matrix probainis essential for peroxisome
biogenesis. The PEX8 can be expressed at low tevglucose and can be induced by

methanol or oleate (Liu et al., 1995).

Other inducer promoter is the isocitrate lyasePiki (). This promoter was used to
express a dextranase and shown to be regulatdtedranscriptional level by ethanol
and repressed by glucose in the exponential phmagenot in the stationary phase

(Menendez et al., 2003; Valero et al., 2013).

Prexs and Rpr1 are weak promoters that were considered as aliezsdo the classical
Paox1 and Rap (Cereghino and Cregg, 2000). They P strength is unclear, no
comparison to classical promoters have been peeidryet. However, they have only

rarely been used (Volg and Glieder, 2013).
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1.4. Fermentation procedures irPAOX1-based systems
1.4.1 Operational conditions

Fermentation basal salt medium (BSM) is the medieoommended by Invitrogen
fermentation guidelines to perform®. pastoris high cell density fermentation
(Invitrogen, 2014). Although most researchers us BSM medium (Cos et al.,
2006b; Potvin et al., 2012), it may not be theropiin because its composition may be
unbalanced, form precipitates and have too mucic istrtength. Furthermore, the

BSM medium provides a high concentration of s&t®ékrishna, 2010).

Alternative media have been proposed to avoid #eeai BSM: FM22 (Zhang et al.,
2007), d’Anjou and Daugulis medium (2000), and Baamet al., medium (2008).
Baumann’s and d’Anjou’s media have a low conceiutnabf salts. In contrast, the
FM22 medium contains similar concentrations to BSMvith the exception of
potassium salts (Sreekrishna, 2010). Furthermdirdefined media are supplemented
by PTM1 trace salts. PTM1 is the supplementaryetsadts stock solution proposed by

Invitrogen (2014).

One of the most important points in a medium foioh is the nitrogen source
(Sreekrishna, 2010). In BSM, FM21 and Baumann’s imeditrogen is added as
ammonium hydroxide by means of the pH controllartHe D’Anjou’s medium, all
nitrogen is provided at the initial formulation. tMigen starvation starts around 50
g-L* of biomass in BSM media (Cos et al., 2006b). Hasvelack of nitrogen can
affect the production at high biomass concentrativer 60 g-[* of dry cell weight
(DCW) in BSM, FM22 and Baumann media. The lackitfogen is directly related to

the increase in proteolytic activity, resulting the degradation of extracellular
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proteins (Yang et al., 2004). Alternatively, theewd organic nitrogen sources such as
yeast extract, peptone, casamino acids or beehaxtould help to improve the cell
concentration and achieve higher expression lelals using organic nitrogen sources

(Gao and Shi, 2013).

The optimal growth and production temperaturePirpastoris is 30°C, above 32°C
protein expression stops and growth quickly deq@ss et al., 2006b). However,
some authors work at lower temperatures to impribve bioprocess performance
(Curvers et al., 2002, Potgieter et al., 2010). ltemperature, such as 20°C, could
activate the AOX expression for cultivation on naetbl, relieve cell lysis and

protease secretion, and reduce extracellular ggdteactivity (Gao and Shi, 2013).

Although P. pastoris can grow at pH values ranging from 3 to 7, the ncoshmonly

pH used in different studies is between 5 and 6/0Bd this range, pH may affects
protein stability, may provoke extracellular prateactivity (Cos et al., 2006b; Potvin
et al., 2012; Gao and Shi, 2013). Additionally, trise of BSM medium at pH greater

than 5.0 may cause precipitation of medium salts(€ al., 2006b).

Another important parameter that affects the protexpression is the dissolved
oxygen (Q). The oxygen is used for methanol oxidation tarfaldehyde and also in
the formaldehyde dissimilatory pathway (See 1.2i@ek The oxygen is provided to
the culture by air flow supplying. The oxygen fraine gas flow is driven to the liquid,
which is available to cell uptake (Gao and Shi,3@0LGenerally, the ©is kept at a
certain level, > 20% of dissolved oxygen saturatioair (O ), to ensure thaichia

grows without any oxygen limitation to metabolizgagrol or methanol (Invitrogen,
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2014). In order to assist the oxygen transfer,atigit and aeration are controlled

between 500-1500 rpm and 0.1-2 vvm respectively.

1.4.2. Fed-batch cultivation

The most applied cultivation strategy to achievghhicell densities and high
heterologous protein production levels withoRl-based systems is the fed-batch
operation. Typically, such processes are divided three phases: glycerol batch

phase (GBP), transition phase (TP), and finallynttethanol induction phase (MIP).

The objective of the GBP is the fast generatiobiomass previous to the induction
by methanol. Glucose is an alternative carbon sofocGBP, but it is lightly utilized
because has a repressing effect on the heterolaggqusssion during MIP (Gao and
Shi, 2013). The specific growth rate and biomasddyof P. pastoris growing on
glycerol are higher than methanol. The maximum i§gegrowth rate of wild typeP.
pastoris growing on glycerol (0.18-0.20") (Cos et al., 2005a; Garcia-Ortega et al.,
2013) is higher than growing on methanol (0.1% land this methanolimnax is,
generally, lower wherPichia is producing a heterologous protein because of the
negative effect that heterologous protein productitas on the microorganism's
growth (Cos et al., 2006b). GBP strategy is indepaihof thePichia phenotype under
Paox1 @and, in general, the initial concentration of ghgtaused is about 40 g/L. This
concentration is selected because a glycerol coratem over 40 g/L could inhibit
growth (Invitrogen, 2014). The observed biomassubstrate yield (Xs) (biomass
expressed as dry cell weight) was about 0.5. Atethé of GBP, the final biomass
concentration is around 20 g/L. During GBP (whickes 18-24 h), the Qis

controlled by adjusting the agitation rate up t® 80m for a typical 4-L bioreactor,
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and around 450 rpm for 60-L reactor, and then mignadjusting the air (or oxygen-
enriched-air) flow rate into bioreactor or by cafling at G, set-point about 20% of
O, . Once the GBP is finished, indicated by a spikenieasured € the TP starts

(Zhang et al., 2007).

Although the MIP may be carried out after GBP (trogen, 2014) the TP has been
recommended to achieve both high cell density cedtiand the derepression of the
Paox1, under glycerol limiting conditions in presencenoéthanol, in order to adapt the

cell metabolism to the induction ofidx; (Cos et al., 2006b).

Some authors selected different strategies for dddstant (Cos et al., 2005b) or
exponential feeding rates (Zhang et al., 2000) witfterol as sole carbon source.
However, during the TP, glycerol feeding rate isgyally complemented with a
methanol feeding rate to start the derepression taedinduction of Roxi. The
procedure consists of a glycerol feeding by dedngathe flow rate during 3-5 h and
adding methanol with a pulse (Zhang et al., 2000)ith a low feed rate (Cos et al.,
2005b). The final biomass levels reached at theaéritde TP depends on the authors

but generally is above 30 g*LO; is usually maintained about 30% of O

Finally, in the MIP, methanol is used as the carbod inducer substrate. Although
MIP may depend on the operational conditions (eegperature, pH, and culture
medium), phenotype and specific characteristighefeterologous protein produced,
the selection of a methanol feeding strategy is @inthe most important factors to

maximize heterologous protein production (Zhangle2007).
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1.4.3. Monitoring and control the bioprocesses

The real-time monitoring of the key fermentatiorriables (biomass, substrate, and
products) is of major relevance to allow contrajliand also improving the overall
productivity of the bioprocesses. Furthermore, nwimig and controlling the

biosystem guaranties the reproducibility for theafi expected product quality and

quantity (Kaiser et al., 2008).

However, some bioprocess variables are not medsuséth standard devices (Veloso
et al., 2009). For example, biomass concentratiag not be measured online during
the production to sufficient accuracy (Jenzsch ket 2006). When the online

measurement of any state variable or specificisat®t available, robust and reliable
algorithms can be used for on-line estimation oh-nteasured key variables and

parameters (Veloso et al., 200@ Battista et al., 2011; Lyubenova et al., 2011).

Biomass growth rate and biomass concentration Hzeen estimated by using
different estimators based on online measuremerite Wdissolved oxygen
concentration and carbon dioxide concentratiomhéédxhaust gases (Lubenova et al.,
2003). An accurate control of the glycerol feediate has been developed by using
adaptive controller dissolved oxygen measuremelinda et al., 2005). On the other
hand, the monitoring of different variables can mup some control of the process,
aiding on the adjustment of the control action, exthancing the bioprocess stability

(Gao et al., 2013).
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1.4.4. Operational strategies

Most common standard operational strategies aredbas the control of the substrate
concentration close to zero (limiting strategieslowever, maintenance of the
concentration at a constant value is also extelysdescribed (non-limiting strategies)
(Cos et al., 2006b, Jahic et al., 2006, Zhang.e2@07). Since aerobic conditions are
strictly essential for methanol assimilation, thare at least two possible limiting

substrates for the process: oxygen and methanol.

1.4.4.1. Operational strategies based on oxygen
1.4.4.1.1. Dissolved oxygen control (DO-stat).

DO-stat is a control method that adjusts the methieding depending on the,
the medium. @ must be kept above a minimal level, generallyase20% but excess
of oxygen, high @levels, is cytotoxic and significantly reduce og#bility (Potvin et

al., 2012, Invitrogen, 2014).

Lim et al., (2003) developed DO-stat control thatomatically handles the partial
pressure of oxygen in the inlet air stream and rttethanol feeding rate during
induction. Alternatively, Yamawaki et al., (2007mdrolled the @ by adjusting the
methanol flow rate. Although DO-stat systems arapé to operate, they are not
reliable. Methanol limitation or methanol excessyroacur by the @controller due to
the complexity to tune correctly in systems thagspnt time-varying consumption

dynamics.
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The weakest point of this kind of control is thasiquite difficult to obtain bioprocess
reproducibility, because some key variables ancciBperates, such as methanol

concentration and specific growth rage are not constant (Cos et al., 2006b).

1.4.4.1.2. Oxygen limited fed-batch (OLFB),

OLFB is a control method that adjusts the methammpisumption by means of the
oxygen limitation, consequently by the oxygen tfansate in theP. pastoris Paoxi-
based systems (Khatri and Hoffmann, 2006). Althowglygen limitation should
generally be avoided during the induction phaseitfiogen, 2014), OLFB cultivations
have been successfully implemented (Potvin et28112). In OLFB, the residual
methanol concentration is kept constant at about B9 G concentration always
drops to 0% due to oxygen limitation (Charoenratale 2005; Khatri and Hoffmann

2006, Berdichevsky et al., 2011).

The main advantage of OLFB is that this controlatefyy minimizes oxygen
requirements and, therefore, may improve the ecanéeasibility of the process by
reducing the cost on oxygen (Khatri and Hoffman®&0 However, the methanol

requirements were increased in these oxygen-lintitedlitions (Potvin et al., 2012).

OLFB cultivations have been emerging as promisitegraatives to MLFB in the field
of production of a monoclonal antibody with glycgereeredPichia pastoris. Oxygen
limitation reduces post-translational product migdifions. The purity of product
secreted (N-glycan composition, galactosylationd &nagmentation) may increase
depending on the oxygen uptake rate (Potgieter.e2@09; Berdichevsky et al.,

2011).
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Specific OLFB is the hypoxic fed-batch cultivatiddypoxic conditions have been
implemented to chemostat and fed-batch cultivatafr&ichia expressing an antibody
fragment (Fab) under th&AP promoter (Bauman et al., 2008). The oxygen
concentrations in the inlet air represent followsanditions: fully aerobic (20.97%),
limited aerobic (10.91%), and hypoxic (8.39%, 5.87% both limited and hypoxic
conditions the @ was 0%, whereas in fully aerobic conditions Wias about 45%.
Limited aerobic conditions still allow fully aerabiglucose metabolism while no
oxygen remains in the culture, whereas hypoxic itmm$ lead to partially
fermentative metabolism. At the same time the besngeld decreased and ethanol
was produced, indicating a shift from oxidative aeidofermentative condition. In
chemostat and fed-batch cultivations, productivéiiyd specific productivity was

increased at hypoxic conditions (Bauman et al. 3200

1.4.4.2. Operational strategies based on methanol
1.4.4.2.1. Methanol limited fed-batch (MLFB)

MLFB strategy is based in a control method thaustdj the methanol feeding rate
based on mass balance equations to maintain aacorsgtecific growth rateif under
methanol limiting conditions. So, no accumulatidnneethanol should be observed
(Cos et al., 2005a). This method is the most wideported for heterologous protein
production byP. pastoris, although it can be referred to as specific gronatie control
(Dabros et al., 2010), open loop control (Cos et 2006a) or pre-programmed

exponential feeding rate addition (Cos et al., 2006

This feed-forward control allows considering a siengell growth model and does not

require on-line information about the system. Itassumed both that the residual
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methanol concentration on the cultivation brotltlisse to zero and that a constant

biomass/substrate yield is constant during thedtidn phase.

Although MLFB strategy can be easy to implemengytlilo not respond to any
perturbations of the bioprocess. To avoid this [@mobthe set point ofi is fixed far
enough from theumax diminishing the productivity of the process. Howeva
feedback term can be introduced to minimize demtiof the methanol feeding rate

and to compensate any perturbations (Dabros éCdlQ).

On the other hand, the substrate uptake raje \idnich is a rate generally p-linearly
dependent, is also proposed to pre-program thenexpi@l methanol feeding rate
addition (Zalai et al., 2012; Spadiut et al., 2014though some alternative MLFB
feeding conditions were developed (stepwiseramp or linear increasingsyas

potential optimal feeding, the classical MLFB ainstant specific rate (around the

Osmax) Was the most productive.

The main advantage of MLFB is that keepimgconstant (or g which is p-linear)
improves process reproducibility and allows studytimep effects on the heterologous
protein production. Th@ control is an effective strategy for bioprocessirojzation
because production is either directly or indire@bsociated with cell growth (Potvin

et al., 2012).

1.4.4.2.2. Methanol non-limited fed-batch (MNLFB)

MNLFB is a control strategy that consists in kegpinonstant the methanol

concentration [MeOH]. An accurate methanol monitgyifor example by methanol
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sensors based on liquid-gas equilibrium (Katakdral.e 1998; Ramon et al., 2004),

and efficient control are required for robust aegroducible bioprocesses.

A feedback methanol control strategy has been usadmerous studies (Zhang et al
2002; Cos et al., 2006a; Pla et al. 2006). Somboasitimplemented the MNLFB
strategy applying the simplest feed-back contrbg bn-off control, by different
authors (Katakura et al., 1998; Zhang et al., 20B@wever, this sort of control is
only suitable for linear systems while heterologqustein production irPichia is
considered more complex and highly non-linear psc@otvin et al., 2012). This
control strategy is inadequate for precise contfainethanol concentration in a high

methanol demandingaBxi-system.

Proportional-integral (PIl) or proportional—integidérivative (PID) and control
heuristics are reported to be effective to maintainstant the methanol concentration
(Potvin et al., 2012). Nevertheless, the optim#irsgs of the PID controller (gaindK
the integral time constant and the derivative time constamy) are hardly ascertained
by trial and error tuning or other empirical meteo&ome authors have developed a
PID control Bode stabilization criterion to achietree parameters associated to this
kind of control, obtaining good results on methamegulation in short time

fermentations (Zhang et al., 2002).

A predictive control algorithm combined with a Rleflback controller was used to
optimize the production drhizopus oryzae lipase inP. pastoris (Cos et al., 2006a).
Different methanol concentrations directly affeetl growth, the cell viability and the

heterologous protein production (Jahic et al., 20068us, an accurate monitoring and
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control allow determining stoichiometric and kimetmnodels that are particularly

useful to optimize the protein production and thedpctivity (Schenk et al., 2007).

A comparison between DO-stat and MNLFB strategiesboth fed-batch and
continuous cultures for recombinant scFv expressias performed by Yamawaki et
al., (2007). Higher specific productivity of scF\asvobtained at [MeOH]=3.9 gL

Nevertheless, this approach, an extensive analysisparing operational modes
described previously for bioprocess optimizatiord drow affects the recombinant
expression inP. pastoris, is rarely published. On the other hand, the hegel of

protein expression in several proteins using thelLMBI strategy, make it a good

choice for process optimization.

1.4.4.3. Alternative operational strategies
1.4.4.3.1. Temperature limited fed-batch (TLFB)

TLFB is a control strategy that consists in keepihg Q constant, like DO-stat,
through temperature limitation. During the induntistage, the temperature controller
is programmed to use>@Q:poinc25%. When @is below the set point the temperature

decreases, and it increases when thes @bove the set point (Jahic et al., 2006).

In Surribas et al., (2007), the transition phasetle was designed to reach a final
biomass level about 54 g1.when the oxygen demand could no longer be suggort
Similar biomass concentration was achieved at tigkeoé the glycerol phase in Jahic et
al., (2003). Then, the induction phase started rapthanol was fed to the culture as
the sole carbon source. Additionally the metharmicentration was controlled via

outlet gas analysis at 300 mg- (Jahic et al., 2003) and 3 §* (Surribas et al., 2007).
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TLFB process was compared with a methanol limiesttdatch by Jahic et al. (2003).
By reducing the temperature from 30°C to 25°C piteeluct amount was increased 2-
fold. However, comparison between MNLFB and TLFBreaed that methanol
control at high concentration (3 g%} achieves a high ROL production and
productivities (Surribas et al., 2007). Additioyalsome adjustments to the standard
process have been proposed to minimize proteolysitijding the manipulation of

culture media and temperature (Surribas et al.7R00

1.4.4.3.2. Mixed substrates

In general, all feeding strategies can be appledbioprocess involving whichever
phenotype (Mutand Muf). However, multicarbon substrate feeding is usuzdiried
out in order to optimize bioprocess using Mphenotype (Cos et al., 2006b, Potvin et
al., 2012; Valero et al., 2013). Mixed substrateategy requires methanol, because it
is the inductor, and a supplementary carbon solioe complementary substrate such
as glycerol and sorbitol do not participate in naethl metabolism, so neither activate
AOX nor induce the heterologous protein expresstost, generates energy supply

(NADH/ATP) via TCA cycle/oxidative phosporylatioeaction (Gao and Shi, 2013).

Glycerol has been proposed to feed as supplemegtatyon source in order to
improve the productivity using Mutphenotype. Theoretically, ®. pastoris grows
faster utilizing glycerol than methanol, the protikity should increase. However, the
high specific growth rates reduce the productivfythe bioprocess (d’Anjou and
Dagoulis, 2001). On the other hand, the strongtpafithis strategy is that, when the
glycerol is utilized as co-substrate, the systeduces the heat production and the

oxygen consumption rates, both aids reduce pramets (Valero, 2013).
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Although it has reported that glycerol repressesekpression of AOX (Potvin et al.,
2012), glycerol and methanol substrate feedingeohdatch fermentation have been
designed. This strategy is more frequently appl@dviut® strains. For example, the
novel pre-programmed exponential feeding rate baseds stepwise g ramp for
glycerol and constant sgfor methanol) was used to maximize the horseradish
peroxidise (HRP) production (Zalai et al., 2012pwéver, glycerol also has been

applied in cultures with Mlitphenotype (Zalai et al., 2012, Valero et al., 2013

A pre-programmed exponential feeding rate with féertBnt methanol-glycerol ratio
was designed by Jungo et al. (2007a). Similaregisatexponential glycerol feeding
rate maintaining a residual methanol concentralietween 1- 2 g-L was proposed
by d’Anjou and Dagoulis, (2001). The maximum specgrowth rate ofP. pastoris,
utilizing glycerol as a single carbon souriseabout 0.2 1. However, the optimum of
u was 0.06 1 in Mut” phenotype, applying co-substrate feeding. Differatios were
proposed to maximize ther dput similar production was found for sole methanol

feeding or co-substrate feeding.

In contrast with glycerol, sorbitol is a non-remieg carbon source d¢faox1 up to40
g-L is less critical than mixed feeds of glycerol andthanol because it does not
affect the expression level of recombinant pro{&asina et al., 2004, 2005; Jungo et
al., 2007b). The main disadvantage for sorbitdizatiion is thafumax is about 0.03 T
(Jungo et al., 2007b; Niu et al., 2013). Thiss too low in contrast to glycerol, but
similar top of P. pastoris with Mut® phenotype growing on methanol as sole carbon

source.
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Different operational strategies have been impldéstnising sorbitol as co-substrate
(Jungo et al., 2007b; Celik et al., 2009; Arnatwalet 2011). In case of Mutstrains,

mixed substrates strategy with sorbitol could iaseethe production levels. However,
the productivity may be adversely affected becdasmaentations may be longer than
with other strategies. In the case of Nytroductivities were increased by sorbitol

(Arnau et al 2010).

Arnau et al., (2010, 2011) designed an operatistrategy using a Mttphenotype
comparing both co-substrates sorbitol and glyc&mothe production ofRhizopus

oryzae lipase. To sum up, sorbitol presented better higheductivities than glycerol
as co-substrate in the heterologous productioRhtfopus oryzae lipase. In addition,

proteolytic activity was detected only when glydexas used as co-substrate.

The carbon source cost per batch was a savingmbsimately 70% when glucose
was used instead of glycerol as the sole carborceoNevertheless, glucose has been
rarely exploited as a supplementary carbon souutxstsate forP. pastoris Mut®
phenotype strains cultivation (Paulova et al., 20Ihe main reason is because
glucose acts as a strong repressoragkfat the transcription level (Cos et al., 2006b).
The repression with glucose is higher than glyce@mmplete diauxic growth was
observed in batch with glucose-methanol and péartiaith glycerol-methanol (Inan

and Meagher, 2001; Hang et al., 2009).

The glucose-methanol mixed substrates strategybleas explored in continuous
cultures for Mut phenotype (Paulova et al., 2012, Jorda et al.2R@lifferent carbon

contribution, (80-60%.) glucose and (20-40%) metthamas added in continuous
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cultures for producing recombinant. High productairirypsinogen was performed at
u up to 0.15 H. This strategy allowed increasipgl.3 times, to a value Qfmax met

(=0.12 hY) achieved with methanol as sole carbon source@Raet al., 2012).

In the case of Mdtphenotype, a real-time parameter-based contrgliezbse feeding
strategy has been implemented for recombinant ptauof phytases in fed-bach.
First, dissolved oxygen @pwas the controlled variable.,@vas set at 20% until the
ethanol-fermentative metabolism appeared at RQ¥®XBwas utilized as to re-adjust
glucose feed rate by controlling RQ9. This glucose feeding addition strategy aided
Pichia to assimilate methanol without glucose repressidre fed-batch reachedpa

about 0.11 i during the induction phase (Hang et al., 2009).

Glucose-methanol mixed substrate strategy allowduyming protein at higher growth
rates than other mixed substrate strategies. Mettsems to play a key role as an
auxiliary substrate to compensate for the increameelgy demands derived from
recombinant protein secretion and favouring meiabaldaptation to the new
requirements (Jorda et al., 2012). Neverthelémsntain troubles to implement this
strategy in fed-batch cultures are related to thetabolic glucose assimilation. A
really good control system performance is requie@void the Roxi repression by
glucose, which provokes diauxic growth patternwarecell death; and also avoids the

ethanol sub-product formation (Hang et al., 2009).
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1.5. Target protein: Lipase fromRhizopus oryzae

Rhizopus oryzae is a filamentous and lipolytic fungus which hasmesolated from
olive oil and seed industries. This microorganismlyoproduces one form of
extracellular lipase which has a high biotechnalafpotential as a catalyst for lipid

modification, due to its high regiospecificity (8hlet al., 2006).

Lipases are enzymes that catalyze the hydrolydiseoéster bound of triacylglycerols.
Lipases are found in all species of the animal doamg as well as in plants and
microorganisms such as yeast bacteria and fung.tiitee-dimensional structure of
many lipases of microbial is commow/3 hydrolase fold (Ollis et al., 1992). The
region of highest conservation is the active sitieich contains a ‘classical’ Ser-His-
Asp catalytic triad, and residues involved in the/amnion hole. In some cases the
active site can be covered by an amphiphilic |dapdr flap), which prevents access

of the substrate (Salah et al., 2006).

Rhizopus oryzae lipase (ROL) acts only at the sn-1 and sn-3 looatibecause it
belongs to a group of lipases that are active agadsters of primary alcohols.
(Guillén et al., 2011). The native structure of émzyme is a 392 amino acids protein.
The first 26 belong to a signal sequence (pre-rggithe following 97 amino acids
belong to the pro-region and the last 269 form ihegure protein sequence. The
deduced polypeptide sequence of the secreted fBroROL) was found to be made
up of 297 amino acids of which 269 belong to thdumeaprotein sequence and the
remaining 28 amino acids to the last part of thenegion (Sayari et al., 2005). The

molecular weight of this enzyme is 32 kDa and #welectric point is 6.85. It has four
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potential sites of N-linked glycosylation and thrdsulphide bonds, between the

amino acids 152 and 391, 163 and 166, and the 3867 (Guillén et al., 2011).

ROL has been cloned and expressedscherichia coli (Di Lorenzo et al., 2005),
Saccharomyces cerevisiae (Takahashi et al., 1998) and in the methylotropieiastP.
pastoris (Cos et al 2005b). I&. coli, ProROL could be efficiently produced in high
yield at high specific activity (166.0 U-mL) (Di tenzo et al., 2005). However, this
expression system has the bottleneck that a cliglion process is necessary, when
compared with other expression systems in whicltetteyme is secreted in the culture
broth (Whang et al., 2013). & cerevisiae, ProROL could be secreted in the culture
broth, but the activity of ProROL was very low (&dellular lipase activity reached
only 2.9 U-mL at 120 h of cultivation in Yeast Eadt Peptone Dextrose (YPD)
medium (Takahashi,.et al., 1998). The mature sesuehROL has been expressed in
P. pastoris under the Roxa and secreted into the culture medium using e
cerevisiae alpha-mating factor pre-prosequence obtainingou00 U-mL (Surribas et

al., 2007, Arnau et al., 2010).

1.6. Background of recombinant ROL production byPichia pastoris.

Heterologous production dRhizopus oryzae lipase inP. pastoris has been widely
studied by our research group. Different promotepgrational modes, strategies, an
media have been explored with the aim of estaligslspecific protocols to improve
the bioprocess reproducibility and also to increageROL production levels. A brief
summary that includes all the information about R@aduction is presented in Table

1.
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The first approach was to test the ROL expressiobatch cultures oP. pastoris
under two different regulated promotersdid and R p1). These preliminary results
showed a higher ROL production levels with &2 than with Rox: Mut® system.
Conversely, the higher productivity was observedlannthe Rox: Mut® system.
Secondly, both promoters A& and Rp1), including both phenotypes fopdx: Mut’
and Muf were evaluated in fed-batch cultures. The MRibx:-system performed the
higher ROL production. However, in terms of ROL guotivity, the Mut Paox:-
system was the most productive. Although the giresethat were carried out for fed-
batch were not optimal (e.g. heuristic controle troduction was highly increased

related to batch operation mode (Cos et al., 2005b)

In case of B i1, a previous work was published (Resina et al.4200here, different
inductors of the ROL expression undesd? were tested. The inducers were the
carbon or nitrogen source, or both. In the follogvepproaches, the use of methanol
was avoided forFLD1 induction by nitrogen source. The strategy of #albs
(sorbitol) limited fed-bacth was applied, being hyamine hydrochloride the
nitrogen source and the inductor of ROL expressidre operational condition range
for SLFB was: isetpoint= 0.005, 0.01 and 0.02*hall lower thanpmay for sorbitol
consumption. The ROL activity and productivity lé/evere increased related with

Uset-poin=0.02 h' operational conditions (Resina et al., (2005).

In order to investigate how is the effect DX gen dosage for ROL production, a
comparison of ROL expression between strains grpwim methanol as single carbon
source with different phenotype (Muind Muf) and differenROL gene copy number

in fed-bach was carried out in Cos et al. (2008H)LFB strategy was applied for all
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fed-batch cultures. The heuristic control of methain cultures with Mut strains
showed better performance, lower fluctuations, timathe Mut ones. Although the
ROL concentration at the end of the fed-batch wghker for both multicopy strains
(Mut" and Muf) compared to respective singlecopy, the produgtiwias better for
both single copies (Mtitand Muf). Regarding the effect of phenotype, the specific
productivity and theérpx were higher for Mdtsingle copy strain than for Musingle

copy strain. On the contrary, the Mingle copy strain was the most productive.

Although the use of the heuristic methanol conmivak a successful attempt for ROL
production byP. pastoris, variations on the inducer concentration coulcecfithe
ROL expression (Cos et al., 2005b). A predictivatoa algorithm coupled with a Pl
feedback controller was implemented in the hetgamls ROL production byP.
pastoris Paoxz (Mut® phenotype (Cos et al., 2006a). The effect of nratha
concentration, ranging from 0.5 to 1.75 @; lon the heterologous protein production
was evaluated in MNLFB cultures. Optimal ROL pratilue was carried out at 1.0
g-L* of residual methanol. The implementation of thetod increased more than

double the ROL production and the productivity.

Alternative operational strategies were designedROL production using thé.
pastoris Paox: (Mut’) system (Surribas et al., 2007). Operational etjat that
combined non-limiting substrate conditions, neitheethanol nor oxygen, was
compared. First, an MNLFB+DOstat strategy was inm@eted. The methanol not
limiting conditions with methanol set-point of 3Lg* were carried out until oxygen
became limiting. Consecutively DO-stat control with % of dissolved oxygen was

exploited. The second strategy was quite simil&f-B, methanol was kept constant
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around to 3 g-T and Q to 25%, but manipulating the temperature of theuce. The
third one MNLFB+TLFB was tested in similar condii®@ MNLFB+DOstat was
shown as the best strategy, which allowed improving ROL production and

productivity (Table 1).

Optimization of P. pastoris Paox: (Mut®) system using mixed substrate was also
investigated (Arnau et al., 2010; 2011). Sorbitolgtycerol were the selected as co-
substrates. SLFB was designed for co-substratenigeahd MNLFB for methanol.
The operational range Wassetpoint = 0.05, 0.01, 0.02 “h for co-substrate and
[MetOH]set-point= 0.5, 2.0, 4.0 g-L The methanol optimal condition was fixed on 2.0
g-L™. Optimal sorbitol feeding was set&t0.01 h' and for glycerol was at=0.01 h

! The mixed substrate strategies showed higheruptimh and productivities than
MNLFB for Paox: (Mut®) system, being sorbitol-methanol the best one tfiat

system.

Finally, a series ofC-tracer experiments were performed on aerobic os&n
cultivations with ROL producing strains growingaatilution rate of 0.09 h—1 using a
glucose:methanol 80:20 (w/w) mix as carbon soudced@ et al., 2012; 2013). The
research was focused on the investigation of tHatisaships between central
metabolism and protein production, particularlyttee case of multicarbon (methanol-
glucose) source metabolism, HyC-based metabolic flux analysis studies. The
glucose-methanol mixed substrates strategy showgaobd performance to increase

the productivity of ROL and reduce metabolic burdeR. pastoris.
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Table 1: Comparative analysis between the differenpromoters, operational strategies, carbon

and nitrogen source for ROL expression irPichia pastoris.

Operational Carbon Nitrogen L|pqutlc Productivity
Reference  Promoter - activity U-LL Rt
Mode  Strategy Conditions source source [U-mL7Y [U-L7-hT]
Cgsé gg al,  Pyp Batch - - Sorbitol CHFalglrlz- 15 145
a
Cosetal., Paoxi ) )
2005a (Mut) Batch MeOH (NH),SO, 6 201
Cosetal, Paox Fed- Heuristic control
20054 M) bach MNLFB [MeOHJsig-L*  MeOH NH,OH 205 2246
Cos et al., Parox1 Fed- Heuristic control
20054 Mut)  bach MNLFB iy oot MeOH NH,OH 150 2879
Cos et al., Fed- Wset-point . CH3NH,-
2005a PFLDl batch SLFB 0015h1 Sorbitol HCl 170 2402
Resina et Fed- Hset-point . CH3NH,-
P, SLFB i1 Sorbitol 385 4379
al., 2005 FIDL  patch 0.02h HCl
Cosetal, P Fed- Heuristic control
2005b (N’I*Sisl) batch VNLFB  [MeOH]=1-2g-L* MeOH NH,OH 205 2246
Cosetal, P Fed- Heuristic control
2005b (Mﬁé)lM batch VMNLFB  [MeOHJ=1-2g-L* MeOH NH,OH 270 1500
i Heuristic control
nggstt‘;""’ (i’;l\af}) bFaetgh MNLFB  [MeOHJs1-2g-I. MeOH  NHOH 150 3000
Cos et al., Paoxi Fed- Heuristic control
20050 (MutY  batch MNLFB o Meoppe12g.r  MEOH  NHOH 175 1894
Cosetal,  Paogq  Fed g [MeOHlsepor  MeOH  NHOH 490 4901
2006 (Mut®) batch 1972
g.
[MeOH] sﬂ-poinr_‘
Surribas et Paox Fed- MNLFB+ 3g-L
al., 2007 (Mut") batch  DO-stat DO‘S;zfgjt-poinF MeOH NH,OH 644 8110
0
[MeOH] s?i-poinr_'
Surribas et Paoxt Fed- ) 3g-L
al,2007 (Mut)  batch DOTLFB DO'S;?S}""p°i"F MeOH  NH,OH 534 5200
(]
[MeOH] sﬂ-poinr_‘
Surribas et Paox Fed- MNLFB+ 3g-L
al, 2007  (Mut)  batch DO-TLFB DO-Statserpnt ~ MEOH NH,OH 713 5980
25%
: in=0.01h .
Arnau et P, Fed- Mixed Hset-point™ Sorbitol
al., 2010 (nﬁﬁfé) batch  substrates [Me(;l—g;]. SL?EPO‘”F MeOH NH,C 621 6624
. poine 0.02h*
Arnau et P Fed- Mixed Hset-point- Glycerol
al., 2011 (h/?lcji(sl) batch  substrates [Me(gl—é]. SL?EPO‘”F MyeOH NH.CI 4rl 5416

Note: strains with multipl&®OL gen copies were identify b{/), in other case single copy was used.

41



Chapter 1 - Introduction

1.7. Problems and bottlenecks on protein production

Heterologous protein production in any expressi@tesn, also irP. pastoris, includes
the following steps: genetic modification of micrganism and expression cassette;
bioprocess control and protein expression; progucification and recovery (Minjie
and Zhonping, 2013). So, enhancing the recombinamtein production or
maximization bioprocess productivity usifyy pastoris as host can be achieved by
means of determining the best operational conditidn produce the target
recombinant product using the standard operatiomades (see 1.5.4 section) in
singular conditions (Minjie and Zhonping, 2013; &al, 2013) or time-varing (Zhang
et al. 2005; Maurer et al., 2006; Spadiut et &14); improving the engineered strain
to enhance the production, by solving some bottleriat prevent the heterologous
product production or by search any metabolic grspitogical condition that aids the

production (Buchetics et al., 2011; Vogl and Glie@®13, Rebnegger et al., 2014).

The potential bottlenecks &f. pastoris expression system in the field of genetic and
metabolic engineering field are: codon usage ofdkgressed gene (Valero, 2013),
gene copy number (Gasser et al., 2013), efficiganstription using strong
promoters/translation signals (Hohenblum et alQ40processing, folding in the ER
and secretion (Damasceno et al., 2012) or intnaleelproteolytic degradation (Pfeffer
et al., 2012). Genetically, maximize these botthseby increasing the rate of one
step, can lead to rate-limitation of another onleictv can then become a bottleneck in
the expression causing the cellular stress resp@msser et al., 2008, Damasceno et
al., 2012). Protein folding and conformationakss imposes a burden on the central
metabolism, occurring even at modest productioeltefdorda et al. 2012). Unfolding

protein response (UPR) is induced by an increasiiggrowth rate. Genes of
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translocation protein folding and glycosylation amwgitolosolic chaperones are

upregulated in high growth rate conditions (Rebregq al., 2014).

However, synthetic biology and metabolic enginegrapproaches allow designing
tailor-made production strains (Volg and Gliede®12). The production of ROL
lipase underPFLD1 triggers the unfolding protein response (UPR) detécat
transcriptional levels (Resina et al., 2007). Ergied strains were developed to
overcome this problem, which co-express constiglyitranscription factopHAC1
and/or present a deletion of tlBASL gene. In any case, the mutants present between
3-fold to 7-fold increase of the production (Resied al., 2009). Alternatively,
overproduction of heterologous proteins affects fgrenary metabolism of the
producing cells. Enhancement of productivity waedmted by simulating the gene
targets for deletion or overexpression in a geneoade metabolic model. Five out of
9 tested single gene modifications (overexpressioknockout) led to a significant
improvement of recombinant protein production (Noe al., 2014). Moreover, cell
cycle and protein secretion are interrelated. hhsecretion rates cultures contain a
large fraction of cells in the G2 and M phases efl cycle. The constitutive
overexpression of the cyclin ger@@ B2 allows increasing the fraction of cells in
G2+M phase. This engineered strain improved thelymoivity of an antibody Fab
fragment by 18% and the product titer by 53% (Btickeet al., 2011). These three
cases are an example that how the co-expressiprotdins or the deletion of genes

affect to bioprocess engineering (Valero, 2013).

One of the main characteristicsfpastoris is the capability to perform many of the

higher eukaryotic post-translational modificatiguech as protein folding, proteolytic
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processing, disulfide bond and glycosylation anmwlfy secret heterologous protein
simplifying their recovery (Valero et al., 2013)oWever, glycosylation pattern &,
pastoris is quite different from mammalian cells. For exdepnonoclonal antibodies
produced in mammalian cells carry three major Neghs: GalGlc-NagMangF (GF),
GahGIlcNagMansF (GiF), and GlcNagMangF (&oF), and glycoproteins derived from
fungal expression systems contain non-human N-gk/cd the high mannose (Man)
type, which are immunogenic in humans, being chbawpidly from the human
bloodstream (Choi et al., 2003; Ye et al., 2011¢v&itheless, glycoengineer&d
pastoris expression system allows the production of hunratems with complex N-
glycosylation modifications, mimicking the human gNcosylation pathway

(Potgieter et al., 2009, Berdichevsky et al., 2011)

Operational modes and operational conditions atellysevaluated to increase the
production inPichia cell factory. However, the substrate providing te tcells
(specifically oxygen) may be the key to optimize thioprocess (Potvin et al., 2012;

Gao and Shi, 2013).

P. pastoris metabolises methanol by the oxidative pathway amlyhe presence of
enough amounts of oxygen. Thus, the oxygen leveéhénculture and the methanol
uptake rate are interrelated (Lim et al., 2003)gtHmethanol supply may lead to
sudden oxygen depletion. The oxygen limitation magatively affect the expression
of foreign genes (Cereghino and Cregg, 2000). @omiany years, avoiding oxygen
limitation in MLFB and MNLFB cultures has been agpity (Khatri and Hoffmann

2006, Potvin et al., 2012, Invitrogen, 2014). Doetlie bioreactor oxygen transfer

capacity is unable to sustain the oxygen metal@imand only flowing air, oxygen-
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enriched gas mix is usually provided instead of(@ios et al., 2006b, Jahic et al.,
2006). The use of pure oxygen to perform oxygemched gas mix increases the
production costs and may cause difficulties in esegd (Khatri and Hoffmann 2006,

Potvin et al., 2012, Invitrogen, 2014). In orded&termine if the system may affected
by oxygen depletion, characterization of bioreactygen transfer capacity is

required (Garcia-Ochoa et al., 2010). However, esgfal protein production has also
been completed under oxygen limiting conditionsdf@enrat, et al., 2005; Khatri and
Hoffmann 2006, Berdichevsky et al., 2011). ThusFBlcultivation strategy emerges

as smart alternative to eliminate the drawbackb®@ibxygen limitation.
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2. State and specific growth rate estimation in heterologous protein

production by Pichia pastoris.

2.0. Abstract

Estimation of biomass, substrate and specific gnaate (1) by two non-linear observers
(non-linear observer-based estimatdll-OBE, asymptotic observer with second-order
dynamics tuning -AO-SODE) and a linear estimator (Recursive least-squargh wi
variable forgetting factor RLS-VFF is presented. Heterologous protein production in
Pichia pastorisPaox: (Mut’) and R.pi-based systems is closely related to p and has been
addressed due to its high relevance in moderndhotdogy and bioprocess engineering.
M was estimated by on-line gas analyses or substretasurements, biomass and

substrate considering yield coefficients and madarizes.

In simulation studiesNLOBE showed high sensitivity to tuning and initializati
variables. Validation experiments demonstrad€d SODEperforms better than tHeLS-
VFF for moderate to rapid changes of u and model petenry being known. If low
changes on p are presented, for instance in stds&gulation RLS-VFFcomes up as

the best option, because of its reduced requiresnent
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2.1. Introduction

In order to achieve high productivity, constant duct quality, and also to allow
optimization and control of biotechnological proses, real-time monitoring of the key
fermentation variables (biomass, substrate, andlyats) is of major academic and
industrial relevance. Some reviews and specificepaphave addressed this topic,
covering the wide range of techniques that have lagplied (Junker and Wang, 2006;
Surribas et al., 2006a, Becker et al., 2007; Amegal., 2008). Biomass is usually the
central variable of the mathematical models usedetrribe microbial growth, where it
is included as a state variable. Several analytresthods have been adapted to monitor
cell density evolution during bioprocesses. Howgwestandard method for the on-line
determination of biomass is not currently availalale each available technique has its

own advantages and disadvantages (Kiviharju e2@08; Madrid and Felice, 2005).

The methylotrophic yeasPichia pastoris has been widely reported as a suitable
expression system for both basic research and timauspplication (Macauley-Patrick et
al., 2005). In recent years, more than 500 proteave been expressed using this system
(Cregg, 2014). The strong and tightly regulatedladt oxidase 1 promoter {Bxy) is the
most widely usedP. pastorispromoter for recombinant expression, being indulogd
methanol (Lin Cerghino et al., 2001; Cregg et 4898). In order to avoid methanol
utilization, FLD1 promoter has been recently considered (Shen ,e1388). The gene
encodes a formaldehyde dehydrogen&®], a key enzyme required for the catabolism
of methanol and certain primary amines, such asiyfehine used as nitrogen source in

methylotrophic yeast (Harder and Veenhuis, 1989jth\this promoter, methanol is
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replaced by sorbitol as carbon source and methykans used as sole nitrogen source

and inducer of protein production.

The specific growth rate is a critical parametetha optimization of the heterologous
protein production byP. pastoris There is an optimum growth rate for optimal pradu
formation, which is protein specific. Neverthelesssides being difficult to estimate on-
line, this parameter may vary during the fermeatatprocess, since this is usually
operated in batch and fed-batch modes. Moreovergthre variations in substrates and
operational conditions applied within the differgitases of the production process (Cos

et al., 2006).

On-line estimation of the specific growth rate(@s)usually performed together with the
determination of state variables such as biomasse sthe direct estimation of the
specific growth-rate is not possible. The determiameof these variables can be achieved
by the development of estimation algorithms or gafe sensors that require the
existence of accurate mathematical models of tlhegss (van Impe and Claes, 1999;
James et al., 2000; Dochain, 2003; Sunstrom andr&nR008; Kadlec et al., 2009;
Jensch et al., 2006). Nonetheless, the developaiensuitable mathematical description
and its identification is difficult due to the cofap interactions exhibited by the

microorganism, as well as to the operating conagiand the state of the system.
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In order to eliminate errors in estimation owingimaccurate models, it is possible to
design adaptive algorithms that estimate simultasklyahe state and some parameters of

the process, considered as time-varying parameters.

This type of estimation can be achieved by an adapiktended Kalman filter (Valero et
al., 1990; Arndt et al., 2005), a recursive praditterror method (Montesinos et al.,
1995), an adaptive extended Luenberger observaab{em and Perkins, 1999) and also
by non-linear observers (Nadri et al., 2006), wiaoh based on the accurate knowledge of
both model structure and parameters. However, tobservers present a problem of
convergence over a wide range of operational camdit In addition, guessing suitable
initial values for different state variables andgvaeters is rather critical to obtain precise

estimates.

Adaptive observers somewhat easier to implemene Hasen designed (Bastin and
Dochain, 1990). They estimate the state and thetiks of the process, considered as

time-varying parameters, through partial measurésnefithe state.

Observed-based estimator®BE), whose fundamentals are based on the non-linear
systems theory, have also been proposed. In tlpgapgh, reaction rates estimation is
carried out from the measurement of state variathlebenova et al., 2003; Farza et al.,
1999). The observer gain depends on measuredvsiidbles and also constraints, which
are added for the calibration of the gain whenntleasurements used are relatively noisy.

Furthermore, specific non-linear observer-basedmastrs (NLOBE have been
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developed (Farza et al., 1999). The main charati®of those estimators lie in the ease
with which they may be implemented and, specificalllibrated. Their tuning is reduced

to the calibration of a simple tuning parameter.

Because of the complexity to tu@BE"s some authors studied their stability, dynamics
of convergence and suitable values for tuning petara (Oliveira et al., 2002).
Recently, an asymptotic observeéx() for the estimation of state variables has been
designed and its performance compared with thaa aflassical observgExtended
Kalman Observer=KO) (Veloso et al,. 2009). The specific growth ratese obtained
using an estimator based on the reformulation egdy Dochain and Bastin, (1990;
Pomerleau and Perrier, 1992). TA® allows reconstructing the missing state variables
even if the process is not exponentially observabi@ the kinetics is unknown. Another
advantage of this kind of observers is that theeena tuning parameters. However, it is

assumed that the yield coefficients are known.

Additionally, estimation of parameters by the retue least-squareR[S method has
been proposed, especially for the specific grovete rand for the process state, thus
achieving unbiased convergence and making posiblestimation of changing process
parameters (Estler, 1995; Golobic et al., 1999 frtain advantage of tiRLSmethods
is that it does not require an accurate knowledgihe system because a linear model

that only depends on the on-line measures is ceresid
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The modulating-functions method has also been tmethe on-line identification of a
microbial growth model (Ungarala and Co, 1998). &téweless, due to the large number
of estimated coefficients and parameters, the ndetisoof difficult application to

experimental conditions.

In this chapter, the estimation of biomass, sutestad specific growth rate is presented
and applied to the heterologous productionRifizopus oryzadipase (ROL) byP.
pastorisin batch and fed-batch operational modes. Diffeadgbrithms and procedures
are studied and discussed, always considering dpticability in terms of overall
performance, taking into account aspects whichnofsee not considered from an

experimental point of view.

Two of the estimators studied belong to MBE class NLOBE, AO) and the other is
based on th&LSmethod, all three selected owing to their main athwges described
above. The aim of this work has been to comparpeance of the different algorithms
in P. pastoris bioprocesses. On-line exhaust gas analyses otratgoncentration
measurements were used to estimate the specifitiyrate. With the aim of simplicity
and to reduce instabilities and the number of tgrparameters, biomass and substrate

were straightforwardly obtained solving their cepending mass balances.

This second chapter is based on Barrigon et alQZR The development and the
implementation of the algorithtdLOBE estimator and RLS method have been obtained

from Ramon, 2007. On the other hand, A estimator has been developed for the first
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time to be appliedin the estimation of state andcsg growth rate in the ROL
heterologous production IBichia pastors. The chapter is structured as follows: firstly,
process description and estimation algorithms aesgmted. Secondly, simulations for
different alternatives are carried out with tRe pastoris Paoxrbased system, Mut
phenotype, discussing the most suitable ones usingle and global performance
metrics. Finally, experimental validation for bofh pastoris AOX1(Mut") and FLD

promoters is shown.
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2.2. Materials and methods

2.2.1. Strains

The wild typeP. pastorisX-33 strain (Mut), containing the vector pPIGAROL was
used for heterologous expression of ROL under ¢timércl of theAOX1promoter (Cos et
al., 2005a)P. pastorisX-33 containing the vector pPICZFIIROL was chosen for the

expression of ROL controlled by tRé&.D1 promoter (Cos et al., 2005a).

2.2.2. Cultivation set-up and operational conditions

Batch and fed-batch processes for the heterologoaduction byP. pastoriswere
studied. Cells were cultured in a 5 liter Braun & ED fermenter (Braun Biotech,
Melsungen, Germany). Fermentation conditions wstiging rate 800 rpm; temperature
30 °C; pH controlled at 5.5 adding BBH 30 % (v/v) (batch) or 5 M KOH (fed-batch)
for Paoxz and 5 M KOH for B.p; (batch and fed-batch); dissolved oxygen controlled

above 30 % with an air flow rate of 1.5-20 L- fhin

For theP. pastorisPaoxrrbasedsystems, the cultivations were carried out in thiages: a
first batch growth phase on glycerol (3.5 L volumi¢gh an initial glycerol concentration

of 40 g-L) followed by a second phase (fed-batch), wherst fr mixture of glycerol
plus methanol was fed to the culture and after, thiaty methanol was used as the sole
carbon source and production of the recombinarteprdook place (Cos et al., 2005a).
Cultivations usingP. pastorisPr pi-based systems proceeded as follows: after a batch
phase on glycerol, a pulse of sorbitol and methidanwas added into the bioreactor. For

the induction phase a 300 " bf sorbitol, 30 g- ! of methylamine chloride and 7.5 mL
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of trace salts solution feeding medium was usednirexponential feeding rate strategy

(Cos et al., 2005a).

Glycerol, methanol, sorbitol and methylamine weréded in the transition and
production phases by an automatic microburette d&tl-2031 from Crison Instruments
(Alella, Barcelona, Spain). On-line substrate measents are possible by the
implementation of automated manifolds as previouglyorted (Ramon et al., 2004;
Horstkotte et al., 2008). Off-gas analyses werdopeied by infrared and paramagnetic
detectors (Multor, Maihak, Hamburg, Germany). Carblaoxide production rateCPR

and oxygen uptake rat®UR) were considered approximately equal to carboxide

transfer rate TR and oxygen transfer rat®©TR respectively, and thus, obtained

through mass balances of g&hd Q measured in the exhaust gas.

For the estimation procedure, the integration steg the sampling time were fixed at
0.055 h (200 s). On-line gas measurements areu#t ®s20 averaged raw data points.

So, the filtered signal was used as the inputterastimator.

A more detailed description of materials and methcah be found elsewhere (Cos et al.,

2005a).
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2.3. Theory and calculation
2.3.1. The process model

For the oxidative assimilation of substrate (glptemethanol or sorbitol), equations for
growth (1); protein production (2) and maintena(®ecan be stated as:

k,S+k, O, 0% - X +k,CO, (1)

k,S+k;, O, 0 - P+k, CO, (2)

S+k, O, O - k, CO, (3)
whereX, S, Q, CO,, andP represent biomass, substrate, dissolved oxygesplded
carbon dioxide and product respectively (in theusgqthe same symbols are used to

represent component concentrationsy; rp, rm are the reaction rateg; are the yield

(stoichiometric) coefficients.

The corresponding dynamic model can be represestéollows:

X711 0 0] X 0

J SR ket [a s | |DM5,

4 O |=| "k —k=k; [DG: |IX-D| O, |+ OTR| (4)
CO,| | ki Ky kg | |On co,| |-CTR
'P| |0 1 0 P | o |

where$§ is the substrate concentration in the fe@@Ris the oxygen transfer rate from
gas to liquid phase ardTRis the carbon dioxide transfer rate from liquiogts phase.
M, Om andg, are biomass, product and maintenance specificiogagcites respectivelyd

= Fn/V is the dilution ratef, is the inlet volumetric flow rate, and is the reactor
volume. In case of the volume variation, the maaarre should be taken into account

(see chapter 7). However, in this chapter it isapmated tadV/dt = F,.
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Neglecting product formation in mass balance equatiand considering a global
reaction scheme for growth and maintenance, thgumtens (1-4) are transformed into

equations (5-6), where overall yield coefficierks< Y ) are used.

k1S+k'2 O, 001 - X +k's CO, (5)
X 1 X 0
S -k S D
di S8 gx-p| S [+ 2B (g
dat| o, | |-k o, | | oTR
co,| | K co,| |-cTr

Kinetic parameters and yield coefficients usedRopastorisprocess under.Bx: (Mut®)
and R p; for ROL production were obtained from previous experimantsatch and fed-
batch cultivations (Cos et al., 2005a,b,c). Thddysnd maintenance coefficients in the
kinetic models were identified as previously repdr{Petkov and Davis, 1996; Surribas
et al., 2006b) but adapted to fed-batch procesBescess model parameters and

coefficients are listed in Table 1.

Table 1. Parameters and coefficients used Rorpastorisprocess under Bx; (Mut®) and R p; for ROL
production.

Paox1 (Mut’) Prio1
Parameters and coefficients Batch Fed-batch Fed-batch
Substrate Glycerol Methanol Sorbitol
tmax (N 0.260 0.059 0.030
Ke (g-L™h 0.20 0.22
Ycodlx (Mol cox o) 1.57-1¢ 1.02-1d 1.32 .10
Mcodx (Mol oz gt HY) 2.6-1¢ 3.1-10 6.5 -10¢
Yoalx (Mol oo oY) 2.4-10 1.69-10 2.80 -1G
Moalx (Mol oz g™ hh) 3.1-10 4.7-10 7.1-1¢
Yo/x (Os ) 1.97 4.29 0.47
my/x (gs- o b 0.008 0.010 0.043
K.a (h™h) 360
O sai(MoOloy L) 6.6-10
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2.3.2. Estimation algorithms

The main objective of this work is to implement feient estimators for the
determination of state variables and specific ghorate using, if it is possible, single and
easily available measurements from a bioprocegsmy£qually, estimation algorithms
can use either gas transfer rates or substrateestration as on-line measurements to
firstly estimate the specific growth rate withoetuiring a kinetic model for growth,
after that, state variables are calculated. Thenaestrs considered are two non-linear
observers NLOBE AO) and another one based on the recursive leastresj@L9

method.

They are appropriate to systems where componeatikirates CKR) can be considered
related to biomass concentratioX) (and the specific growth ratey)( through a
component to biomass intrinsic yiel.£) and a maintenance coefficiemtf,) described

by the so-calledluedeking-Piretelationship as follows:
CKR=Y,, uX+m, X =Y, uX (7)
So, the proposed methodology can be implementedewbigher the carbon dioxide

production rateQPR), the oxygen uptake rat®UR), or the substrate uptake ragJR

can be determined on-line.

2.3.2.1. Non-linear observer based estimator (NL OBE)

The first estimator tested is based on a genesgjddor anon-linear observe(Farza et

al., 1999) represented by:
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g_ti =F(s22+G(us2)-A*(s3S,’C"(Cz-y) (8)

where Z is the estimated state, and § andy are, respectively, the input and the output
of the system.
The used estimator considers that omlyis available as on-line measurement. It is
correlated to biomass and the specific growth bgtehe Luedeking-Pirettype model
mentioned above. For instance, conside@®R as the component kinetic rate, equations
(9) and (10) are taken into account.

CPR() =Yoo,/ x (1) X (1) + Mgo, 5 X (1) (9)

z;= CPR (10)

Thus, the structure of the estimator is develogeblows (Farza et al., 2000),

dz, .. - A

= 3% - D -30(3, - 2) (12)
@ _5 o8 5

TR R (12)
_A:—é 5 -

dzsdt L2 (13)

(] m
H (3, - ﬂ)[[f el ] (14)

In this approacha priori, only a single tuning parametéris needed to calibrate the
estimation procedure. However, suitable initialues for 2, 2,, and 2,, have to be

provided in order to obtain satisfactory estimates.
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2.3.2.2. Asymptotic observer (AO) with second-order dynamicstuning (SODE)

The second estimator tested wasamymptotic observe(AO) which is used for the
estimation of state variables. The specific growdte is obtained using an estimator
based on the reformulation proposed by DochainBastin, (1990) and Pomerleau and

Perrier, (1992).

A general dynamic model for stirred tank bioreagtoan be described following mass

balance equations written in a matrix form as:

© = KH(@p(O)-DE+F -QO) (15)

where{ is the state vector (the setrotomponent concentrationd,is a 6 x n) matrix

of known yield coefficientsD the dilution ratef the feed rate vector witthm(F)=n and

Q the gaseous outflow rate vector whidim(Q)=n. D, F andQ are measured on-line.
The reaction rates are defined @) = H()o(é) to take advantage of any possible
knowledge of the kinetic modeH (<) being a i x ) matrix of known functions of the
state ando(§) a vector ofr unknown functions of state. The reaction rates ban
estimated using the following t#O general structure (Oliveira et al., 2002):

O('jf = KH({)/DJ—D&F —Q—Q(f—?’j (16)

20 =[xl r[s—?j an
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As previously reported (Oliveira et al., 2002) gtability considerations for the related
linear time varying perturbing system are develofsedO with SODE The first step is
the selection of a subset pequations of the full state space model to usekietics
estimator. For the specific growth rate estimatitom the global reaction defined in
equation (5), it is necessary to introducéca one-dimensional sub-space related with
the measured variabl& (O, or CO,), its feeding rate or component transfer rate igsxd

respective yield coefficierk ..

Furthermore, th&ODEalgorithm usually uses a transformed state vagjat#fined as

1

W=Kc :ﬂéc (18)
Combining equations (16) and (17) with equation) ¢h& estimator is obtained:
d ., | O
dlfl =H p-Dy+ Kgl(Fc _Qc)_Qc(w _‘/’j (19)
dg :
2 =Hry-y) 20

Where the gain matrice€)(, I . ) and their parameters are defined as follows:

. =diag{- y} Q. = diag{- w} (21)
2 1dX
y=2&_1dX w= (22)

The estimation of biomasX) is obtained from one measureménfsubstrate, oxygen or

carbon dioxide concentration and their respecteeding or gaseous outflow rates),
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according to the choice of a sub-spacd&hus, the system model from equation (6) is

simplified, according with the expression (23):

dlx]_[1 _[x].[o
sle |l poolc2a] @

+

Finally, biomass estimation is calculated by anileary variable ¢) that depends o

concentrationCKR measurements or the feeding rate, the overaldl ygekfficient and

biomas$”.
] (] 1
Z=X+—-C (24)
+k ¢
dZ 1
0O
%% - pz+ = (F.- 25
o ce FemQ) @)
] (] 1
X=zZ-——2C (26)
+k ¢

As previously described (Oliveira et al., 2002; & et al., 2009), wheld, the dilution
rate, is kept close to zero for long periods ofetithe performance of th&O is expected
to be not satisfactory, since the rate of convergeri the estimation fully depends on the
values of that variable. Therefore, tA® estimation procedure was not applied in the

batch phase and will be tested and validated ontgd-batch operation.

Furthermore, although the kinetics of the procesy tve considered unknown in these
observers, the estimation of the state variablgaires an accurate knowledge about the
reaction scheme and stoichiometric coefficientsnggguently, uncertainties on these

model parameters, besides noisy on-line measursnoant generate a large bias in the
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estimation procedure. For that reason, it is athiesaas implemented by some authors
(Van Impe and Claes, 1999; Estler, 1995), to userdid data with setting bounds pn
(0.08uUmax < U < Umay in Order to avoid unrealistic estimated valuestifie specific growth

rate andY ¢in equation (7).

2.3.2.3. Recursive least-squares (RL S) with variable for getting factor (VFF)

Estimators based on thecursive least squardRLS method consider a linear model for
the system within the time interval where the ideation procedure is performed. Some
authors have shown the capacity of linear estimatr adequately estimate the
fermentation process while not increasing the matieicture complexity (Roux et al.,
1966; Carrier and Stephanopoulos, 1998). In thiy,vé@me approaches have been
developed to carry out the estimation from eitheasurement of oxygen (Estler, 1995)
or carbon dioxide in the exhaust gas of the ferore(@olobic et al., 1999). It has been
applied to a type of processes where a sole stibstniagrowth and induction was added
in a non-continuous mode. From equation (7), camsid the CPR and its time-
derivative, equation (27) can be obtained.

dCPR(t) du(t) dX(t) dX(t)
i@ dt X(®)Yeoz/x + it Yeozx 1(t) + Meoz)x dt

(27)

Then, considering the mass balance for biomass

dCPR(t)  du(t)
dt dt

X(t)Ycoz/x + (H(t) - D(t)) - CPR(t) (28)

where p(t) is an unknown time-varying parameteZLPR(t) is an indirect on-line

measurement, and biomasg) cannot be measured on-line.
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Considering that: varies slowly within the sampling interval, thertecorresponding to
the u first-time derivative in equation (28) can be mafed. Discretization of the
resulting equation is conducted using a first-oxtral Euler approximation,

CPR(ty41) — CPR(ti_1)
2At

= (u(t) = D(ty)) - CPR(t) (29)

Thereupon, a time varying parametéqt)can be defined, which will be recursively
estimated with th&LSmethod.

CPR(tx,+1) = OCPR(t) + CPR(tx—1) (30)

From the previous estimate, the specific growth rabbtained:

6(ty)
2At

u(ty) = +D(t) (31)

The proposed estimator uses ®ReS method to estimaté t( jccording to the set of
equations presented below:
B(ti) = 0(tx-1) + K(t) (¥ (te-1) — 9(tx-1)) (32)
P(te) = 97 (&) 6(t—1) (33)

K(ty) =97 (t) 0(te-1) (34)

_ P(ty-1)
) = T W) PP )

P(ti—1) P(6:) W7 (t) P(tic—1) ) (36)

1
Qty) = 1t (P(tk—l) A+ YT(t) P(te_) ¥ (tr)

whereP(t) is the covariance matriQ(t) an auxiliary matrixy(t) is theCPR(t)and ¥ the

data vector.
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In the heterologous protein production By pastoris,sometimes there are important
changes in the system characteristics, such adratgdss concentrations and operating
conditions, which may lead to less satisfactoryinesgtion results. The nonlinear

dynamics of the specific growth rate can be inaude the estimator, considering a
variable forgetting factori(t) to conform the proposed estimator. The time-vayyin
forgetting factor YFF) prevents the constant reduction in the valuehef ¢covariance

matrix during the dynamic process (Golobic et #99). The calculation of the varying

forgetting factor is based on model error and lloghdata vector and covariance matrix.

At) =1— ()’(tk—1) - y(tk—1))2 N <1 _ P(ty—1) Pt )T (t,) P(tx—1) ) 37)

2o A+ WT(ty) P(t—1)¥(tx)
2o is the only tuning parameter and it needs to erdened empirically, because it

depends on process dynamics, sampling time andumggasnt noise.

Finally, it is necessary to impose biological rigsibns in L estimation in order to be

always positive and bounded [imax)-

2.3.3. Performanceindicators

Single metricsSSE (sums of squared errorRMSE (root mean squared errofyJRE
(mean relative error), RMNS (root mean noise setitsif, ITAE (integral time-weighted
absolute error) an®RT (rise time) were used for the evaluation of th@ddness-of-
estimation” in the simulation phaseSE RMSEandMRE were calculated fou, X andS

estimations.RMNS ITAE andRT were obtained fou estimates.
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The sum of squared errd$E can be defined as follows:
n
SEE = ) G =y (38)
i=1
wheren is the number of data pointg, is thei™ estimated valuey; the correspondinif’
actual value from process model.

The root mean squared err&MSH is defined by:

RMSE= (39)

that is the average difference between estimated aamtual target variables (specific

growth rate, biomass and substrate), whgrandy; are the estimated and true value for

the i" data pointn is the total number of data points. Alternativetglculation of the

mean relative erroMRE) is also carried out to examine the “goodnessstifvation”.

_18[(5-)
MRE= nzl“ y (40)

The sum of squared noise sensitiviBSN$ accounts for the continuous variation of p

estimations and it is defined as follows:

Ly

n

SSNS= Y (@, -4 ) (41)

i=1

Root mean square noise sensitiviRMNS is then calculated as the average differences

between consecutive estimated specific growthvakees zz,, and & from i= 1 ton-1

data points.

78



Chapter 2 — State and specific growth rate estonati heterologous protein productionBighia pastoris

> (.- 5
T (42)

RMNS=

In addition, overall performance indicators: rootan overall performance index
(RMOPY)) and combined mean relative err@\RB), which consider some former single

metrics, were used.

RMOPI :\/Wu RMSE’ + wx RMSE® + ws RMSE’ + WisRMNS’ (43)

wi weighting factors of the single metrics, selectedting the terms within the same
order of magnitude but with lower contribution ferors onS w, = 0.40- 16, wx =0.19,
Ws= 0.01,wys= 0.40- 10.

CMRE = w,MRE, + WxMRE,  (44)

wyi weighting factors of the mean relative error fioandX, we, = 0.50,we= 0.50.

Integral time-weighted absolute error (ITAE) wemlgrrors which exist after long time
much more heavily than those at the start of thienation. Its evaluation is of interest in
batch and fed-batch processes where the need ® Hagidly reliable estimates is a

crucial issu®, because it can be taken as an indicator for speeshvergence.

ITAE = j tedt (45)

with e the absolute error between p estimations and Iamhaes\(ﬂ—u) , t time of the

process.ITAE is computed over the simulated period using ttagpdzium rule to

approximate the integral.
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Moreover, rise timeRT) is defined at the time taken for the estimat@pomse to first
reach 95% of the change on specific growth rate. [dverRT s, the faster response the

estimation system has.

Another point that has to be noted is the differeifiéct which tuning parameters and
estimator initialization values can be producedt@nestimator’s global performance. So,
sensitivity of RMOPI and CMRE functions were examined through variations of rthei

nominal values.
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2.4. Results and discussion

24.1. Simulation results

The simulated system accounts for the cultivatibthe Mut” phenotype oP. pastoris
under Roxi for the ROL production. In order to study the performancehs different
estimators, a process model was developed considenass balances (X, Sp,Gand
CO,) and component kinetic rate expression for cartoxide, oxygen, and substrate

(CPR OUR andSUR)as stated in equations (6,7).

NLOBE two sorts of AO-SODE and RLS-VFF estimation algorithms were studied.
Firstly, NLOBEandRLS-VFFestimation were carried out from CPR measurertHy,
the estimation was made using substrate concenmtr@tiethanol) for the first of th&O-
SODE’s Thirdly, the AO-SODE estimation performance, for the secoA®-SODE
estimator, was obtained from oxygen balance, inclwvithe main variables are the
dissolved oxygen concentration and the oxygen feamateOTR.Thus, it is necessary to
include growth kinetics|((S)) and also the oxygen transfer rate model (OF6Rjhe AO-
SODEsimulations. The specific growth rate is approxedaby theMonodequation. The
oxygen transfer rate is computed@ER = K a (O, sa- O2) whereK a is the global mass
transfer coefficient an@®; ¢, the saturation concentration of dissolved oxydgeéréz et

al., 2006).

For the simulation, and after a batch phase onegbjcan induction phase in fed-batch

mode was started by an exponential addition of amethas substrate:
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:uset 0 0
Fo(t)=—o 202 "J exlialt-tol]  (46)

Thus, the substrate feeding rate depends on tlofispgrowth rate set-poinlset= 0.02
h™. the initial volume, V(o the initial biomass concentration); the substrate

concentration in the fee®; and the biomass to substrate overall yi¥lgs = Y g/

The CTR(CPR)andOTR(OUR) simulated data were corrupted by an additive Ganss
noise of mean zero and relative standard deviaifo2%, considered as a typical value

after data filtering. Noise applied to substratemgements was 6%.

Initial conditions for the simulations are givenTable 2. Initial estimates are taken as

O ] 0
the same as the system model and are represergétive real process:X o), ) S

©) = X©) Koy o) )-

Table 2. Simulation conditions in batch and fed-bafehpastorisprocess undePAOX1 (Mut") for ROL

production.
Process variables Units Batch Fed-batch
RS
Substrate®) [g-L7] Glycerol Methanol
Initial concentration ) [g-LY 40 0
Inlet concentrations) [g-LY 790
Process timet) [h] 14.7 60.3
Initial volume V(g) [L] 3.5 3.5
Initial Biomass K)) [g-LY 0.50 20
Specific growth rate
. [h™] 0.02
set-point fie)
Initial specific
[h™] 0.0 0.0
growth rate f/o))
Sampling time ) [h] 0.055 0.055
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In general, tuning parameters and some initiabrativariables were determined
empirically considering the convergence speed amidensensitivity (Van Impe and
Claes, 1999), which are tightly related to the dBun between estimations and real data.
Weighted average of mean square deviations canskd as part of the objective

function.

In this sense, th&MOPI indicator described before was used as cost ionteo be
minimized. Depending on the sensitivity of tiRMOPI on parameters and initialization
values, nominal values were rounded to one or tigonifscant digits. In some cases,
restrictions related to stability and convergenagpprties were applied to get preliminary
values. On the other hand, these values can sopwtbe obtained straightforward
attending to the particular structure of the estameDetails related to each estimator are

specified separately.

2.4.1.1. Tuning parametersand initialization variable

In theNLOBE estimator, initial guesses fér 2,,, Z,, and Z,,were selected according to
the structure of the estimata¥:= 1/T ; 2, = CPRnax Z,, < ((Mma!{T)/ W) for the
maximal value ofip/dt; z,, = 10 - Z,,. Initial guesses and nominal values, obtained by

RMOPIminimization, are listed in Table 3. Reinitialiat of the estimator parameters is
needed when the operational mode is switched fratnhbto fed-batch, when protein

production is induced. Because of different systiymamics during batch and fed-batch
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culture, the estimator is not able to overcome dhange on feeding rat@®>0) if a

similar estimation quality is required.

Two parameters must be tuned in #W@-SODEalgorithm:{, the damping coefficient
andt, the time constant of a second order dynamic respf estimated to the true
values. The damping coefficierit, was preliminary fixed at 1 according to a common
engineering rule of thumb (Bastin and Dochain, 39%0ning rules for discrete time
implementation (Oliveira et al., 2008)ere applied to determine preliminary valuetof
according td0< T < 2(t, thus setting to 0.05. Nominal values were finally obtained by
minimization of the cost criterion functidRMOPIand they are shown in Table 3 for the

two AO-SODEmethods tested.

The tuning of theRLS-VFFestimator starts with the assignation of firsalgito the

tuning parameteX; and the initial valuéy .

2o has to be set in order to manage slow or modematations ofu by the variable
forgetting factor. Salp initial settings were fixed to be the same ordemafgnitude that
square deviations in equation (37). For the initialue 6y , according to the inner

structure of thé&kLSestimator a preliminary valug ~ 2T can be assigned.

Initial and nominal values, obtained ByMOPI minimization, forXy andd, can be found
in Table 3. In contrast withNNLOBE estimator, retuning of the estimator parameters wa

not necessary when the operational mode was chaigedRLS-VFFmethod was able
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to cope with the different dynamics of the opernsgiomodes, batch and fed-batch

process.

Initial value for the covariance matri was set at 1, because simulations with high and

low P showed that it converges quickly, and weakly infices to the estimation.

Table 3. Initial guesses, nominal values and acceptabigeas for tuning parameters and initialization
estimator variables.

Parameters

Algorithm & estimator Units Initial guesses Nogmal Acceptable
variables value range
3 [h?] 20 51 +1
210 [mol- Lt HY 0.5 4.0 +0.3
NLOBE 200 (Y] 5.0 2.0 0.1
230 [h?] 50 100 +3
AO-SODE ¢ [ 1.0 0.70 +0.40
(Methanol) T hY 0.05 0.20 +0.11
AO-SODE ¢ [] 1.0 0.70 +0.40
T [hY 0.05 0.20 +0.11
2 [h?] 5.0-10° 1.0-10° +0.9-10°
RLS-VFF 0
0o [] 2.0-10° 1.5.10 +0.5-10°

2.4.1.2. Estimator s performance

The estimation results fddLOBE,both AO-SODEandRLS-VFFmethods are illustrated
in Figure 1, Figure 2 and Figure 3, respectivellje performance of the estimators at
their nominal values for the tuning parametersiartclization variables are presented in
Table 4. The goodness of estimation MtOBE and RLS-VFF methods is nearly as

satisfactory as foAO-SODE which shows the higher values for the single e{SSE
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RMSEand MRE) for u values. However, all oft and X estimations were conducted
properly with deviations lower than 19MRE) and with similar values of the overall
performance indexesRMOPL CMRE). At this point, it is remarkable to emphasizettha
substrate estimations have a large mean relatnad MRE>1), due to substrate low
values, which is confirmed by iRMSE.Terms in substrate balance corresponding to
inlet and uptake rate are quite similar and so,pded substrate concentration is very

sensitive to the estimation pof

The speed of convergence, indirectly measuretTB¥ andRT, is also satisfactory for
all estimators. Fast enough response to the changée substrate feeding strategy is
considered for rise time appeared to be shorter thh, being the longest time for both
AO-SODE estimators. NonethelessTAE values are slightly better foAO-SODE
estimators. In addition, all estimators showed tihatamics of convergence are time-

varying and becoming faster when the bioprocessoappes the end.

Finally, the noise sensitivity of the estimatorsswguantified by th(RMNSindex and
displayed in Table 4. ThHLOBE estimator is provided for almost as sensitive thers
and as a result the higher time-varying dynamiaswvéler, NLOBE estimator gives the
lowest estimation errdRMSE In contrastAO-SODEmethods present the high@VISE
values with lonRMNS These facts are a consequence of the tuning guoeea@pplied to
obtain nominal values, which are a compromise betwestimation error and noise

sensitivity evaluated through tRMOPIindex.
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2.4.1.3. Sensitivity analysis

In order to make a thorough sensitivity analysisstliy, NLOBE’s simulations were
carried out to study the effect of the tuning pagtans and the initial value of some

variables on the estimation results. The effect, of,, and Z,, on the estimation of the

specific growth rate fronCPR measurements is visualized in Figure 1. Regartlieg
effects of the tuning parameter, high valueg pfovoke a typical overshoot at the start-
up of the fed-batch phase. Moreover, a high vamatin overall performance is observed
for low to moderate variations as displayed in Figure 1 and Figurln4pite of having
only one tuning parameter, the extremely sensjtiwittheRMOPIindex too is the main
drawback of thd&NLOBE Equally, the results obtained for the initialinat variables were
presented in Figures 2.1 and 2.4. Results presentEdjure 4 shows more clearly the

largest sensitive respon$®MOPIis less sensitive tand z,, than Z,,, but the last one is

no harder sensitive thain These results were somewhat expected becgweaszdefined
as the Zs time derivative which is supposed to be unkn@md bounded. The dynamics
of zz introduces some type of integral action which @&lmtes any static error when

estimating z (Farza et al., 1999).

Secondly, the effect 0AO-SODE tuning parameter§ and t on the dynamics of
convergence can be assessed from the plots ineFRyuin Figure 2 (a-b) is illustrated
that specific growth rate values are in agreemeitit typical second-order dynamic
responses. It is shown that decreasinthe response becomes faster and decregsing
produces more oscillatory responses. With regardstébility conditions, the range

allowed for the integration step T, set equal te #ampling time, is bounded and
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conditioned by the choice dfandt. These facts allow searching and selecting thiagun
parameters with intuitive basis, simplifying theassh for optimum (Oliveira et al.,

1999).

25
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Figure 4. Absolute variation in the root mean overall perfarmoe index RMOPI) of the estimation

procedure upon variation in the estimator pararadigr20%.

As it is shown in Figure 2, biomass (X) estimatians quite sensitive to deviations of the
specific growth rate (1). When the estimation stiriong time was taken to reach the
specific growth rate for values rather far from nominal values. This ihitka offset
remained quite stable through the bioprocess, wiene estimation was well fitted to
the simulated system response. Finally, in orderaloulate the sensitivity to the tuning
parameter§ andt, theRMOPIcombined metrics was explored. In contrast to f@d) it
can be observed in Figure 4 that the effedf =f not different than those of This fact
can be explained due to the tuning parameter Figure 2 was tested in a wider range

than(, with the aim to easily appreciate the overalinestion behavior.
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Thirdly, in the second case 80-SODE Figure 2(e-j), based on dissolvéd andOUR
data, the dynamics of convergence for tuning patarsé andt were very similar to
those illustrated for the methanol case. No sigairit differences oX andu estimations
were shown for alAO-SODEestimators tested (Methan@; andOUR, CQ andCPR).
NeverthelessAO-SODEestimators using gas measures also allowed congpstibstrate
concentration. This estimation was performed apglyhe substrate balance, uskgnd

M estimation, as indicated in equations (18-26).rétmgon, it can be observed in Figure 2
(i-)), substrate estimations are more sensitivéetaations of the specific growth rate and
biomass concentration than in théandt nominal values, as commented in the previous
section. In addition, for the cases where the $igegiowth rate is estimated using gas
measures@, or CO, andOTRor CTR), the effect of the dissolved concentration in the

AO-SODEalgorithm is negligible compared with the gaseoardfer rates.

Finally, the study oRLS-VFFwas focused on the effect of the initial valieand the
tuning parameteky. Their effect onu, X andS estimation, usinCPR measurementss
presented in Figure 3 and Figure 4. As it can bseonted, the performance of the
estimation algorithm is more sensitive @ values than foz,. In Figure 3(c-d), the
tuning parametek, for biomass calculations seems to have a stroeffect than initial
value offy due to the wide range explored f&. From Figure 3, if a lowt, value is
introduced in the estimation pf it gives robustness to the overall procedureyiding a
very satisfactory state estimation. These resulisarly highlight the practical
implementation of the proposed algorithm. With sydtimal 6, values a good

convergence speed of the estimator is not attaiaed;an be seen in Figure 3 at the
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beginning of the fed-batch process, and consequdathe deviations of substrate

estimations are produced.

2.4.1.4. Selection of the estimator

Estimations showed similar good agreement withrtlaetual values for the specific
growth rate, biomass and substrate concentratamalifestimators tested. This goodness
of estimation has been evaluated by overall pedoce indexelRMOPI and CMRE
presented in Table 4. However, significant diffexesn were observed concerning the
range of application for tuning parameters andialziation variables, speed of
convergence, number of tuning parameters neededegndements for system model.
The acceptable ranges of tuning parameters wensrsho Table 3. These ranges were
calculated according to the sensitivity analysisGMRE indicator to obtain variations
always lower than 5%, except in the caseg,of and %, with 1.5% maximalCMRE
variation. This is justified due to stability cnite@ used forAO-SODEwhich imposes
setting bounds on tuning parameté}) and the far low sensitivity &&§MREto ¢, t and

0.

From results given in Table 3 and Figure 4, it banconcluded that tuning parameters
and initial values for theNLOBE have stronger influence on the overall estimator
performance than thaO andRLS methods. Furthermore, this influence is not sohmuc
different betweerAO andRLS methods, although thRLS showed more dependence on

the 6, initial value.
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Table 4. Single and combined performance metricsN@OBE AO-SODEandRLS-VFFestimators.u [h°
l; X[g-L™; S[g-L1.

Algorithm  Variable SSE  RMSE MRE RMNS RT ITAE RMOPI CMRE
H 1.2:10¢ 3.4-10" 5.0-10°

NLOBE X 24 0.15 3.1-18 6.5.100 027 0.11 0.17 0.004
S 370 0.59 >1
H 1.3-10° 1.1.100 7.2-10°

AO-SODE X 46 020 5410 22100 050 0.06 0.24 0.006

(Methanol) IS
u 1.8.10° 1.3.10° 1.0-10°

AO-SODE X 16 3810 1210 1810 072 012 027 0.006
S 510 0.68 >1
u 2.3-100 4.6-100 9.1.1¢°

RLS-VFF X 7.3 008 231 3516 010 018 011 0.006
S 170 0.40 >1

Speed of convergence indicated in Table 4 by the ttime RT) was similar to all three

estimators studied (< 1h), but presenting a rashgggish initial response for th&O-

SODE It is not clearly reflected in thE AE value because it weights initial errors less

heavily than those which persist on time.

The number of critical initialization variablesdgseater in theNLOBE estimator, having

some of them high influence on tRMOPIindex (Figure 4). It has to be pointed out the

effect of§, ,Z,, and Z,, which a variation of 2%, 8%, 5% and 3% respecjiyebvides

an 5% increase c@MREas can be straightforwardly obtained from Table 3.

Observer based estimatofSLOBE, AQ are not recommended in a preliminary choice

with poorly known kinetic parameters because oir thimdamentals relies on an accurate

knowledge of yields and maintenance equations. Keweheir stability, dynamics of

convergence and parameter tuning can be improvied asvariable gain-structure like
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AO-SODEestimators presented. With this kind of variabdééngobservers, moderate to
rapid changes in the specific growth rate can lieipated properly. They allow higher

identification frequency and reveal good adaptiebdvior to process changes with high
speed of convergence. As its main disadvantagepiication in the batch mode is not

recommended due to expect poor performance and stabikity.

Making use ofRLSVFF methods allows decreasing the knowledge requir&sramout
the system, not only in quantitative terms, bubaisa qualitative or schematic system
description. Among other advantages, it can betpdiout the use of linear equations
instead of differential equations. Finally, a regdaumber of tuning parameters gives an
added value to this kind of estimators. The adeptiomputation of the forgetting factor
in the RLS method makes possible that moderate changes isy$tem, such as in
substrates, state variable concentrations and tmeshconditions, can be processed to
conduct a satisfactory tracking of the specificvgto rate. This approach allows that,
when the operational mode is switched from batchfed-batch, reinitialization of

estimator variables is not necessary.

On the whole, taking into account simulation stad#SVFF methods andAO-SODE
estimators are the most promising ones. The mauarddge for both is their tuning
simplicity comparing to theNLOBE tested. Additionally, RLSVFF does not require
kinetic coefficients and\O-SODEpresents good stability within a wide range ofirign
parameter values. Thereupon, in the next sectiper@rental validation is carried out

for both estimators.
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24.2. Experimental validation

The RLS-VFFmethodwas applied to experimental data from bBthpastorisPaox;and
Prpi-based systems. Experimental data for the spegiwth rate were obtained from
off-line biomass measurements using suitable snmupthpline functions (Cos et al.,

2005bh).

Firstly, the cultivation of the Mitphenotype ofP. pastorisunder Roxifor the ROL
production was studied. After batch cultivation glycerol and transition phase, an

induction phase in fed-batch mode was started fpegrogrammed exponential feeding

of methanol.
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Figure 5. Specific growth rate and biomass estimation usdRR experimental data for the. pastoris
Paoxrbased system (Mitobtained with th&RLS-VFFmethod.Symbolscorrespond to real values alittes
stand for estimation.
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As it can be seen in Figure &, estimation and computed biomass estimation were
carried out properly to the system response aragpid convergence was obtained for the
M estimation during the batch phase. When the bdtekg@was completed, as found at 20
h, it was shown also unbiasgd and X estimations to substrate changes. This fast
adjustment is again confirmed, as in previous sactiuring the fed-batch mode. Firstly,
growth slowdown is observed, the growth almost mastically stopped mainly due to
the regulation of the microorganism to the new doms. After that, an increase in the
growth rate is obtained. The estimator performaaitmevs adapting to growth variations

and, then, estimating the computed biomass suatlyssf

With the aim to validate the estimation algorithins other systems with different
promoters and process dynamics, experimental dataP. pastorisPr p;-based system
was processed. Ingfdi-system, a comparable experimental strategy thath® Rox:-
systemwas used, but now utilizing sorbitol and methylagninstead of methanol and
ammonium hydroxide as carbon and nitrogen soumespectively. Variable substrate
feeding was carried out, with a non-automatic sabstcontrol procedure, attempting to

keep the substrate concentration at 8'g-L

With the goal to make a comparison among estimatiethods, single metricRMSE
andMREwere used to evaluate the goodness-of-estimatiothé state variables, such as
biomass and substrate, when they can be measussdlyibut they are not used as on-

line measurement. A summary is presented in Table 5
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Table 5. Errors of the estimation algorithms for estimas¢ate variables in the. pastoris PFLDibased

system during the fed-batch mode.

Algorithm Estimated variable RMSE MRE
Biomass [g- L[] 1.2 0.036
RLS-VFF (CPR)
Substrate [g-1] 1.3 0.16
Biomass [g- L[] 1.0 0.026
AO-SODE (CQCPR

( ) Substrate [g-1] 1.5 0.19
i e 0.9 0.025

AO-SODE (Q,0UR) Biomass [g- L]
Substrate [g-1] 1.4 0.18
AO-SODE (Sorbitol) Biomass [g- L[] 2.0 0.051

Results for thdRLS-VFFalgorithm are shown in Figure 6 and Table 5. Gtheespecific
growth rate was properly estimated, biomass andtsate can be calculated through the
use of their corresponding mass balances. Biomass saibstrate were estimated
successfully with an estimation errer5%, although slight deviations were detected for
substrate. From Figure 6, it was observed thae#tienated substrate concentration and

specific consumption rates are in good agreemetiit thdbse obtained through substrate

balancing with off-line specific growth rate data.

The estimation procedure showed suitable capatiadpstment during the bioprocess,
especially when switching from batch phase to fattfo mode with different substrate
types and changing concentration. Interestinglg, dhality of the estimation was non-

permanently affected by operational problems cabgeakeration and foaming shift-up at

68 h.
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Figure 6. RLS-VFFvalidation fromCPR experimental data for th. pastoris PFLDibased systen{a)
Biomass and substrate estimatigh) Specific rates estimatiorBymbolscorrespond to process values,
solid linesstand for estimation andhshed line®btained through substrate balance with off-linecsjc

growth rate data.

Furthermore, the performance of tW€©-SODE observer was also tested in tRe
pastoris Pr p1-based system for validation and, finally, compawgth the RLS-VFF

estimator.
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Figure 7. AO-SODEvalidation from experimental data for the pastoris PFLDibased system(a)
Specific growth rate and biomass estimation uSingeasurementgb) Specific growth rate estimation and
specific consumption rate usif® andOTR (c) Biomass estimation and reconstructed substratey @sin
and OTR Symbolscorrespond to real valuesplid lines stand for estimation andashed lineswere

obtained through substrate balance with off-linec#fjc growth rate data.
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Results from specific growth rate and biomass edton using substrate or oxygen
measurements are displayed in Figure 7 (a-c). Ctedpbiomass estimation was
achieved with an estimation errer5% although performance was better when gaseous
measurements were used instead of substrate messuseas presented in Table 5. The
low accuracy of the values of the overall yield flioeents used could explain the

differences in biomass estimations (Veloso e2809).

As previously, apart fronX and g estimations using gaseous measurements, substrate
estimation was performed from the substrate balamze substrate uptake rate (SUR)
estimation. Similarly, the substrate concentrati@s reconstructed employing off-lixe

and i data with the aim of comparing the accuracy of potad estimates. Although
slight deviations in the computed substrate weteated, reconstructed substrate has a

similar precision than the estimated one.

Notably, when théAO-SODEmethod was applied 0, andOUR data orCO, andCPR
measurements, similar results were observed. HaweM@-SODE (Q OUR) was
evaluated achieving the least deviation er@MGE and MRE) of state variables, as

detailed in Table 5.

Finally, all estimation methods could follow sulasér evolution with less deviation error

than obtained in simulation results, as presemtddhble 4 and Table 5.
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2.5. Conclusions

Simulation results obtained for the non-line@BE’s showed adequate global
performance, but an optimal tuning cannot be eatgiyved. Despite of their stability,
dynamics of convergence and parameter tuning desilienproved using a variable gain-
structure, it is necessary to know with high accyrdahe yield and maintenance
coefficients of the bioprocess model. However, ¢heslues can be different, depending
on the carbon source and environmental conditi®®s. when complex nutrients are
consumed in a significant quantity, these paramet@ay also vary during the
fermentation process. Thus, errors on model caeffis may produce inaccurate results
in estimation ofy and, consequently, the error is propagated andifsedpon X and S
estimation. Hence, these observers are not recodedefor processes with poorly
known parameters in a preliminary selection. Aadiglly, NLOBE was established as
the most tuning sensitive, being rather dependartheir tuning parameters and initial

values.

The use ofRLS methods to identify the specific growth rate akowliminishing
requirements about the knowledge of the systemidé&sproviding other important
advantages. Among them, low mathematical complebétyause it is only necessary to
solve linear equations instead of differential doues like in OBE’S increase of
identification frequency, high adaptation capadiby process changes, short response
times and reduced number of both tuning and ie#ibn variables. The implementation
of the RLS-VFFmethod allows that the whole estimation systerfaiidy dependent on

the tuning parameters applied. Furthermore, theabiar forgetting factor allows that a
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minimal excitation of the estimator is maintainduiough the bioprocess preventing a
constant reduction of the covariance matrix. In tteses studied, this is a great
advantage, since there is a continuous additiosubttrate in a relatively long process
with a low specific growth rate. Moreover, it indies phases where the carbon source has
to be replaced and also operational perturbatidien @ppear. This method was able to
make a suitable identification of the specific gtiowate both in batch and fed-batch

processes, whenever slow variation of the spegifevth rate is presented.

Asymptotic observersAQO), as well as recursive least squaRlLy methods can be
applied to correctly estimate the specific grondker ConcretelyAO-SODEperformed
better than thRLS-VFFwhen moderate to rapid changes of the specifievifroate
appeared because model parameters were well kn@wrthe other hand, when slow
changes on the specific growth rate were presantéke bioprocess, for instance in a
substrate control operatioRLS-VFFwas come up as the best option, because of its
reduced requirements. In addition, biomass and tsbswere also satisfactorily
predicted, solving their corresponding mass bakmree the specific growth rate had

been estimated.

To conclude, the method which was resulted espg@égicient for the proposed system
was theAO-SODE (@ OUR) andwas evaluated achieving the least deviation efifioe.

overall methodology presented in this paper canubed to improve the global
performance of the process in terms of productiwiglds and reproducibility in the

heterologous protein production By pastorisand for real-time monitoring of the key
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fermentation variables. This will represent a digant contribution through a more

efficient process of heterologous protein produchyP. pastoris

In a future approach, the chosen estimation praeedill allow the implementation of a
“true” specific growth rate controller. This wouldpresent an improvement regarding
those based either on pre-programmed exponentalifg or an indirect p-control,

keeping constant the substrate concentration.
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3. Searching the best operational strategies for Rhizopus oryzae lipase
production in Pichia pastoris Mut® phenotype: Methanol Limited or

M ethanol Non-L imited Fed-Batch cultures?

3.0. Abstract

Two different operational strategies, methanol tédi(MLFB) and methanol non-limited
(MNLFB) fed-batch cultures, have been comparedterproduction of the recombinant
Rhizopus oryzae lipase (ROL) expressed iRichia pastoris Mut® phenotype. Yields,
productivities and specific production rate in MLFB conditions were very low,
obtaining the best results at the lower specifangh rates. Similar results were obtained
for MNLFB strategy at methanol set-point concertrag up to 2 g-t. However, for
methanol set-points higher than 2 §-k significant increase in the production was
observed. Methanol set-point of 3 @ las the optimum to maximize product yield
(Ypx), both volumetric and specific productivities antan specific production rate
(gp.mean, although in terms of ROL production high valwesre obtained in the range of
3-10 g-L*. An inhibitory effect of methanol on cell growtls aell as slowness on ROL

production during early induction phase was obskateconcentration of 10 gL
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3.1. Introduction

The methylotrophic yead®ichia pastoris has become one of the most widely yeast
systems for the production of heterologous protéifagcauley-Patrick et al., 2005). The
strong and tightly regulated promoter from the htlcoxidase 1 geneaBx: still is, by
far, the most common system used (Cereghino andgCr2000; Sreekrishna, 2010;

Potvin et al., 2012).

The most frequently used cultivation strategy ttiewe high cell densities and high
heterologous protein production levels with AOX piader-based systems is the fed-
batch operation. Typically, such processes aredddinto three phases: Glycerol batch

phase (GBP), transition phase (TP), and finallyrttehanol induction phase (MIP).

The objective of the GBP is the fast generatiobiofnass previous to the induction by
methanol. The specific growth rate and biomasslyaéP. pastoris growing on glycerol
are higher than methanol. Once the GBP is finisidlicated by a spike in measured
DO, the TP starts (Cos et al., 2006b). Although Nti® may be carried out after GBP
(Invitogen, 2014), the TP has been recommendedViat™ phenotype (Zhang et al,
2007). The objective of the TP is to achieve boighhcell density cultures and the
derepression of thAOX1 promoter, due to the non-excess of glycerol, oleoto adapt
the cell metabolism to the consumption of methdoyoimeans of the induction ofa&X;.
The procedure consists on a glycerol feeding byedsing the flow rate during 3-5 h and
also adding methanol with a pulse (Zhang et al02@® with a low feed rate (Cos et al,

2005b). Finally, in the MIP, methanol is used as tlarbon and inducer substrate. The
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selected methanol feeding strategy used in theiMiPe of the most important factors to

maximize heterologous protein production (Zhangle2000).

Standard operational strategies are based on theot@f the substrate concentration
close to zero (limiting strategies). However, manance of the concentration at a
constant value is also extensively described (imoitihg strategies) (Zhang et al, 2000;
Cos et al., 2006b; Jahic et al, 2006; Zhang eR@07). Since aerobic conditions are
strictly essential for methanol assimilation, thexee at least two possible limiting
substrates for the process: oxygen and methanals,Tthe most common methanol
feeding strategies are: dissolved oxygen contrdD-dDat), oxygen limited fed-batch
(OLFB), methanol limited fed-batch (MLFB), methamaln-limited fed-batch (MNLFB),

as well as temperature limited fed-batch (TLFB) G al., 2006b; Jahic et al, 2006;

Potvin et al., 2012).

Lim et al., (2003) developed DO-stat control thatomatically handles the partial
pressure of oxygen in the inlet air stream andhkeéhanol feeding rate during induction.
Alternatively, Yamawaki and co-workers controlldtetDO by adjusting the methanol
flow rate (Yamawaki et al., 2007). The weakest pointhis kind of control is that it is
quite difficult to obtain bioprocess reproducilylitbecause some key variables and
specific rates, such as methanol concentration spetific growth rate ) are not

constant (Cos et al., 2006b).
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Although oxygen limitation should generally be aled during the induction phase,
(Invitrogen, 2014), OLFB cultivations have beencassfully implemented (Potvin et al.,
2012). In OLFB, the residual methanol concentrat®kept constant at about 1%, but
DO concentration always drops to 0% due to oxygaitdtion (Trentmann et al., 2004,
Berdichevsky et al., 2011). The main advantage bFB®is that this control strategy
minimizes oxygen requirements and, therefore, mgyove the economic feasibility of
the process by reducing the cost on oxygen (Kleatal., 2006). However, the methanol

requirements were increased in these oxygen-linttedlitions (Potvin et al., 2012).

MLFB is a control method that adjusts the methdeeding rate based on mass balance
equations to, theoretically, maintain a constaetg growth rate (1) (Cos et al, 2005a).
This method is the most widely reported for hetgolus protein production bp.
pastoris, although it can be referred as specific growth ntrol (Dabros et al., 2010),
open loop control (Cos et al, 2006a) or pre-prognach exponential feeding rate addition
(Arnau et al., 2011). When a feed-forward structooatrol is selected, a simple cell
growth model is considered and on-line informatedmout the system is not strictly
required. It is assumed that the residual methemotentration on the cultivation broth is
close to zero during the induction phase. In otdaninimise deviations of the methanol
feeding rate and compensate other perturbationsgchwban derive into methanol

accumulation, a feedback term can be introduceth¢set al., 2003; Dabros et al., 2010).

114



Chapter 3 — Searching the best operational stestégiRhizopus oryzae lipase production iffichia pastoris Mut”
phenotype: Methanol Limited or Methanol Non-Limitedtures?

The main advantage of MLFB is that keeping [ coristanproves process
reproducibility and allows for the study of theeffects on the heterologous protein

production.

The control strategy consisting in maintaining thethanol concentration constant is
called MNLFB. Accurate methanol monitoring (Katakust al., 1998) (Surribas et al.,
2003; Amigo et al., 2008), and efficient controd aequired for robust and reproducible
bioprocesses. A feedback methanol control stralegybeen used in numerous studies
(Pla et al., 2006; Surribas et al., 2007). Propadil-integral (PI) or proportional-integral-
derivative (PID) and control heuristics are reporte be effective to maintain constant
the methanol concentration (Potvin et al., 2012jprédictive control algorithm combined
with a PI feedback controller was used to optintize production ofRhizopus oryzae
lipase inP. pastoris (Cos et al., 2006a). Different methanol conceiurst directly affect
cell growth, the viability and the heterologous tpi production (Jahic et al., 2006).
Thus, an accurate monitoring and control allow wheieing stoichiometric and kinetic

models that are particularly useful to optimize sigstem (Schenk et al., 2007).

Some adjustments to the standard process havepbeposed to minimize proteolysis,
including the manipulation of culture media and pemature (Surribas et al., 2007) . The
dissolved oxygen (DO) can be indirectly controlldeither temperature or the methanol
feeding rate. TLFB process was compared with a amethlimited fed-batch by Jahic et
al., (2003). By reducing the temperature from 308C5°C, the product amount was

increased 2-fold. Moreover, the final product puwas also increased.
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In this work, the selected target protein was amdmznantRhizopus oryzae lipase (ROL).
Process development for ROL production has beerlyigtudied from a bioprocess
engineering point of view (Cos et al, 2005b; Coale2006a; Surribas et al., 2007; Arnau
et al., 2010). Furthermore, ROL has been reportedbiacatalyst with interesting
applications in the field of structured lipids (Masnet al., 2012; Teceldo et al., 2012) and
flavours (Guillén et al., 2012). The effect of MNBFand MLFB operational strategies on
ROL production has been studied. These most comnapplied control strategies allow
maintaining rather constant key specific rates: gedwth (u), substrate uptakescand
protein production (g through the quasi-steady state hypothesis fostsatie. Results
were analysed in order to determine the most deitaperating conditions in terms of

yields and productivities.
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3.2. Materials and methods

3.2.1. Strains

The wild typeP. pastoris X-33 strain containing the vector pPIGZROL was used for
heterologous expression Bhizopus oryzae lipase (ROL) under the control of t#&©X1

promoter (Cos et al, 2005a).

3.2.2. Inoculum preparation

Pre-inocula for bioreactor cultures were grown2drh in 1 L baffled shake flasks at 30
°C, 150 rpm, in YPD medium containing 10 g yeadtaet, 20 g peptone, 20 g glucose
and 1 mL zeocin per litre of distilled water. Shdkesks contained 200 mL of YPD
medium. The culture was centrifuged at 4500 x g,ltarvested cells were re-suspended
in bioreactor culture medium and used to inocuéate L Biostat ED bioreactor (Braun

Biotech, Melsungen, Germany).

3.2.3. Fed-batch cultivation set-up and operational conditions

The basal salt synthetic medium for fed-batch eations contained per litre of distilled
water: PO, (85%) 26.7 mL, CaS£0.93 g, kSO, 18.2 g, MgSQ@ 7H,0 14.9 g, KOH
4.13 g, glycerol 40 g, 2 mL of biotin solution (26@- L"), 5 mL of trace salts solution
and 0.5 mL-L* of antifoam agent (A6426, Sigma-Aldrich Co., Sauls, MO, USA).
The trace salts solution contained per litre: CuS&,0 6.0 g, Nal 0.08 g, MnSEH,O
3.0 g, NaMoO,4-2H,0 0.2 g, HBO;0.02 g, CoCGl0.5g, ZnC}20.0 g, FeSQ7HO

65.0 g, biotin 0.3 g, 5O, concentrated 5 ml. The biotin and trace saltstgwls were
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sterilized separately by microfiltration (SLGV013%L22 pm, Millipore Corporation,

Billerica, MA, USA).

Cells were cultured in a 5 L Braun Biostat ED bamter (Braun Biotech, Melsungen,
Germany) under the following cultivation conditgninitial volume 2 L, stirring rate
800 rpm, temperature 30 °C, pH controlled at 5.5abging NHOH 30% (v/v) during
the batch phase, and KOH (5 M) during the transitmd induction phase, dissolved
oxygen above 7.0 % in pure oxygen saturatr®00o air saturation), with a gas flow
rate, air enriched in oxygen, between 0.5 and 7rhiti*. The cultivation started with a
40 g-L* glycerol batch phase (GBP). Secondly, when glyicess exhausted, detected
by a sudden increase in DO concentration, a 5Srisitian phase (TP) started (Cos et al,
2005b). Finally, the methanol induction phase (MiR)s carried out using methanol as
sole carbon source and inducer substrate. The mathadition rate was implemented
with two different strategies in order to make eitimethanol limited fed-batch cultures
(MLFB) or methanol non-limiting fed-batch cultur@8INLFB). Thus, the goal was to
keep either the specific growth rate (1) constantoocontrol the residual substrate

concentration (S) that is directly related to .

Separated solutions of 500 mL of glycerol (50% )v/and 2 L of pure methanol,
complemented with 2 and 10 mL of trace salts sotutespectively and also 0.15 and 0.6
g of biotin in each solution were added duringttla@sition phase. In the induction phase
only methanol solution was fed. It was made by atoraatic Microburette 1S (Crison

Instruments S.A., Alella, Barcelona, Spain). Thecnmiburette addition system was
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chemically sterilized by using solutions of HCI 1 Ethanol 70%, NaOH 1 M and sterile

water (Arnau et al., 2010).

To supply the nitrogen strain requirements, 40 gramonium chloride diluted on 200
mL of sterile water were added to the reactor, whpproximately 30-35 gt of dry
cell weight (DCW) were reached. All the fermentatiowere finished when biomass
reached a value between 50-60 §-DCW to compare the experiments with a similar

biomass concentration and always below maximal ingricolume.

3.2.3.1. Methanol limited fed-batch operation (MLFB)

A pre-programmed exponential substrate additicatestyy was implementédr methanol
limiting culture conditions during the induction gge. This feed-forward controller was
based on fed-batch substrate balance for a quesihsstate (Cos et al, 2005a) and it was
programmed in order to maintain | constant durimg phase. The first step of this
strategy is to initialize (t=0) the substrate feedrate (F) by Eq.1, wherex) is the
biomass to substrate yield [§Y]gSees the methanol feeding concentration [g}L,L(XV)o

the initial overall biomass [g], (Jesidual methanol concentration [g]L psp the set-
point value for p [A]. Initial values were: ¥s=0.20 g-§; Seea= 775 g-L*; (XV)o= 50

g; $~0.0 g- L.

XV), -
F, = (XV)o Usp 1)
YX/S ) (Sfeed - SO)
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After that, the feed flow rate can be updated adiogrto the following equation:

Feine = Fe - eXp(ﬂsp ‘At) (2)

3.2.3.2. Methanol non-limited fed-batch operation (M NL FB)

A predictive-PI control strategy was applied methanol non-limiting culture conditions
during the induction phase. The predictive-PIl coligr was adapted from the model-
based controller previously described for Rpihenotype (Cos et al, 2006a) in order to
improve the controller response for the Mphenotype, which presents higher specific
methanol consumption rate. It was designed andemehted on NI-LabVIEW platform

(LabVIEW 8.6 , National Instruments Corp, AustirX,TUSA).

The control law applied is described by the equmatio

F F 4 dS+K< +1ft dt) 3)
= _—_ e — & —_ &
t+At t (Sfeed _ St) dt P t T; . t

Firstly, from Eq (3) the first-time derivative ofathanol concentration for each time
interval was bounded taking into account biologicahstraints, i.e. maximum specific
substrate consumption

ds 1

0ZEZ__'.L‘max°XO'exp(.umax°t) 4)
X/S

The heuristic method was used to tune the contrpieameters (kK=400pL:L-g* min™;

7i=6 min). The integral error term was computed fanaving-window of 30 minutes.
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Finally, the feed flow rate updated for the nertdiinterval (k) was also bounded to
the feeding capacity ().

0< Ft+At < Fmax (5)

3.2.3.3. On-line methanol deter mination

Methanol concentration was on-line monitored ustngensor immersed in the culture
broth (Raven Biotech, Vancouver, BC, Canada) (Areaal., 2011). Specifically, the
sensing element that detects the methanol on thapment was the Figaro TGS-822

(Figaro USA Inc., Glenview, USA) (Ramon et al., 2D0

3.2.4. Biomass analysis

Biomass concentration was quantified as DCW pex 6f culture broth. Culture samples
were collected by centrifugation. Pellets were vealsand centrifuged twice in dg@ at
4500 x g during 3 min, dried at 105 °C until constaeight. Relative standard deviation

was about 5%.

3.2.5. Off-line glycer ol and methanol deter mination

Methanol and glycerol were determined by HPLC gmmed elsewhere (Arnau et al.,

2011). Residual standard deviation (RSD) was essidnabout 0.5%.
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3.2.6. Lipolytic activity assay

Extracellular lipolytic activity was measured afteemoving cells from cultivation
samples by centrifugation (10000 x g) during 1 niihen, the lipolytic activity was
followed spectrophotometrically in a Cary VarianO3§pectrophotometer (Varian Inc,
Palo Alto, USA) at 30°C in 400mM Tris-HCI + 10mM Cla buffer at pH 7.25 using the
Roche lipase colorimetric kit (Roche kit 1182178%nnheim, Germany) as previously
described (Resina et al., 2004). The measurementmade at 580 nm and every analysis

was carried out by triplicate. RSD was estimatef%s
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3.3. Theory and calculation
3.3.1. Calculation of the state variables

From the total mass balance for fed-batch operatiolume variation can be obtained by
the following equation:

d_V _ pFeedF - pHZOFEvap + pBaseFBase - pBrothFO + MGAS
dt PBroth

(6)

where V is the volume of broth in the reactor [E]the volumetric feeding rate [L*h
Fevap the water evaporation rate [l Fgase the base feeding rate [IYh Fo the
withdrawal rate [L-H], Mgas net mass gas flow rate [ preea SUbstrate feed density
[9-LY, puzo water density [g-1], pease base density [gt], psron mean broth density

[g-L™Y. The net mass gas flow rate is calculated witheuation (7).
MGAS = W02 OUR - WCOZ CPR (7)

where OUR is the oxygen uptake rate [md]; ICPR carbon dioxide production rate
[mol-hY], Wo, oxygen molar mass [g- m] Wco, carbon dioxide molar mass [g- rifpl

OUR and CPR were estimated as previously repoBadifion et al., 2012).

Biomass, substrates and product concentrations getermined as described earlier in
section 2. Although biomass concentration (X) ienenced to the total volume (V),
substrates (&): glycerol, methanol; and the lipolytic activitf?(;) were measured on

the supernatant, so in the liquid phase, excluthiegellet volume.
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Thus, substrates (SV) (on-line and off-line measenats) and total lipolytic activity
(PV) were recalculated on the total phase by Eca(®) Eq (9) (Borzani, 2004), where
microorganism density ip = 1068 [g-'] and the fraction of the dry matter in the

biomasss = 0.304 [g- d].

X
(PV), = PLiq,tVt (1 - ﬁ) ®)

5V = SuacVe (1= 25) ©

3.3.2. Calculation of discrete specificrates

The estimation procedure to determing, |@sq, and @y was adapted from (Cos et al,
2005b). Firstly, global state variables ((XV), (Safid (PV)) were estimated within the
induction time by applying the smoothing tool (MdtlR2009a Curvefit Toolbox, The
Mathworks Inc., Natik, USA) from off-line data. Therst time-derivatives of the
smoothed curves were also obtained. Finally, the qsx, and @&y were calculated by
using their corresponding mass balances, Eq (IP)1E) and Eq (12) within induction

time. Uncertainties of discrete specific rates weaieulated by error propagation.

1 d@v),
Ho =Gy, a0
1 d(sv
qS(t) = m<Ft ’ Sfeed - %) (11)
1 dPv),

P =XV, de (12)
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3.3.3. Calculation of mean specific rates

In order to estimate averaged specific inductidesalifferent methods have been used
by other authors, that is: arithmetic mean ratetbg@dk et al., 2011), time-weighted

average rates (Arnau et al., 2011) and lineaes=gons (Potgieter et al., 2010) .

For the two first methods, discrete specific rdtase to be calculated for each off-line
value which considers first-time derivatives of tjlebal variables, Eq (10), Eq (11) and

Eq (12). The derivatives calculation increasesetstenation error.

In this work, in order to avoid the first-time deatives calculation, a linear regression
method was used to obtain the averaged speciigs.r&or this aim, the global off-line
state variables data: (XV), (SV) and (PV); feedMlate (F) and induction time (t) were
utilized. The slope of each linear regression, R),(Eq (14) and Eq (15), corresponds to
the averaged specific rate. The standard errdneofiveraged values is obtained from the

linear regression data.

xv) t
f d(XV) = pimean | (XV)dt (13)
(

XV)o to

t (sV) t
Sfeed.[ F dt — J d(sv) = 4smean (XV) dt (14)
t ( to

0 SV)o

(PV) t
j dPV) =qp, . j (XV) dt (15)
( to

PV)o
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3.4. Resultsand discussion
3.4.1. Methanol limited fed-batch cultures (MLFB)

In a first set of experiments, several MLFB cultikgere carried out with. pastoris
Mut® phenotype at different constant specific growthesaproducing-heterologous
Rhizopus oryzae lipase (ROL), aiming to test the effect of differeapecific growth rate
under methanol limiting conditions on growth, yieldd productivities. This strategy is
quite simple to be implemented and it has beenesstally applied in this cell factory
for the production of other heterologous protemg, BoNT/A(Hc) (Zhang et al, 2000),
r-olFN-t (Sinha et al., 2003)g-Gal (Zhang et al., 2005) , YGLY4140 (Potgieterakt

2010), etc.

The maximal specific growth rate Bf pastoris wild type strains growing on methanol as
sole C-source has been previously reported to beta®09 H (Zhang et al, 2000).
However, this value is reduced up to 0.06vwhenP. pastorisis producing ROL (Cos et
al, 2005a). Thus, three different specific grow#tes were selected for this series of
experiments: 0.015, 0.020 and 0.045 The highest value was lower than the maximum
reported growth rate in order to avoid possiblelraebl accumulation during the fed-
batch. Time evolution of biomass, methanol andlyifpo activity are shown in Figure 1,
whereas the evolution of ug,cand @ are presented in Figure 2. A summary of maximal
lipolytic activity, yield, volumetric and specifiproductivities, as well as mean specific

rates are presented in Table 1.

126



Chapter 3 — Searching the best operational stestégiRhizopus oryzae lipase production iffichia pastoris Mut”
phenotype: Methanol Limited or Methanol Non-Limitedtures?

60 T T T

50 4 O Hgepoint =0-015 h'i
A IJSQ[—DOII’\[ =0020 h-

40 4| % Msetpoin 0.045 ht

Biomass [g DCW-LY]

(MeOH) , [g-L]

_1]

300 A

Lipoytic activity [U mL

Time [h]

Figure 1. Time evolution of different state variables in featch cultures for Mltphenotype using the
MLFB operational strategies: biomass, methanol &pdlytic activity. Error bars indicate standard
deviation (SD).
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Figure 2. Specific rates in fed-batch cultures for Mphenotype using the MLFB operational strategies:

gs and g. Dashed lines indicate the specific mean rateevalincertainties are represented by error bars.

In the three MLFB fermentations, the residual methaoncentration was negligible,
and the peanwas conducted properly to the set-point with atnedaerror lower than 7%

(Table 1). In addition, the jjéan and @mean €Stimation corroborated that thegyand
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[XV] o values used in the pre-programmed exponential anethfeeding rate equation

were suitable (Figure 2, Table 1).

Table 1. Comparison of process variables, yields, proditi@i and specific rates using different specific
growth rate set-points during the induction phas®ichia pastoris MLFB cultures expressing ROL. *

indicate standard error (SE)

Hsp [hY 0.015 0.02 0.045
Max. Lipolytic
acti\f:tyyt [UmL™] 135 112 27
Yo [U-g1 2644 2130 479
Volumetric
Productivity [UL*h7 1857 1700 623
Specific 11
. U-g—h
Productivity [U-g ] 36 32 1
Hmean h7] 0.014+0.001 0.022+0.001 0.043+0.002
Os,mean [gg'h] 0.0720.01 0.12+0.01 0.17+0.01
0p mean [U-g*n 46+4 4623 1842

(*) Estimated over all the fermentation time

During early phase of the induction period a sligllaptation time was observed,
probably due to the growth rate reduction in relatio the transition phase. Thereafter,

was rather constant throughout remaining indudiioe (Table 1).

For all three MLFB cultures, a slow but continugueduct accumulation was observed
during the induction phase, in contrast to the fiastease of lipolytic activity observed
within the transition phase. Conversely, a shagpaase of the lipolytic activity was also

observed towards the end of the fermentationat 0.015 A (Figure 1).
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Hence, gmax values were achieved during the first inductiorursodue to the initial
higher secretion rates observed in the TP, follgvihre same behaviour asThereafter,
gp showed fluctuating profiles along the inductiorapd, reaching values of glose to
zero in some periods (Figure 2). Overall, the ML&proaches that yielded highey q
were those with the lower p set-points (Table 1nil@r results have been described in
the production of r-olFN-(Sinha et al., 2003), where the maximal productate for

MLFB cultures was obtained at g,pelow 0.025 H.

3.4.2. Methanol non-limited fed-batch cultures (MNLFB)

Previous studies have determined that heuristichameti control strategies cause
important fluctuations of methanol concentratioousd the set-point. These fluctuations
affect significantly the recombinant protein levehd, consequently, the specific

production rate (Cos et al, 2005b).

With the objective to determine the effect of metblaconcentration on biomass and
ROL production and their specific rates, a predet#| control, previously developed for
a Muf phenotype (Cos et al, 2006a), was adapted to a Nuenotype. MNLFB
fermentations were carried out at the operaticarade of methanol concentration of 1-10
g-L™. Specifically, the selected MeOH set-points (Me@hvere: 1.0, 2.0, 3.0, 5.0, and
10.0 g-L*. The time course of biomass, methanol and lipolgtitivity of these cultures
is illustrated in Figure 3. The evolution of pysand @ for the MIP is depicted in Figure
4. A summary of maximal lipolytic activity, yieldboth volumetric and specific

productivities, and mean specific rates are preskmt Table 2.
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Figure 3. Time evolution of different state variables in featch cultures for Mltphenotype using the

MNLFB operational strategies: biomass, methanol Apdlytic activity. Error bars indicate standard
deviation (SD).

In all MNLFB cultures methanol concentration in thgquid phase was conducted

properly to the MeOk} (Figure 3), thereby proving the robustness of ¢néanced

control strategy.
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Table 2. Comparison of process variahlgeelds, productivities and specific rates obtainethg different
methanol set-points during the induction phaséiithia pastoris MNLFB cultures expressing ROLt

indicate standard error (SE)

MeOH, [g-L7 1.0 2.0 3.0 5.0 10
Max. Lipolyti
ax. Lipoltic ) oy 59 103 280 210 294
activity
Yo [U-gY 1070 2004 5282 3905 5635
Volumetric A
o [UIthy 1243 2437 5406 3964 4264
Productivity
Specifi
peclic — 1u.gtny 22 48 102 74 82
Productivity
Hmean [hY 0.042+0.001 0.043#0.002  0.04620.002 0.046+0.002 .028+0.001
0s,mean [gg*hY 0.23+0.01 0.19+0.01 0.20+0.01 0.20+0.01 0.14+0.01
Op.mean [U-g*hY 4542 106+9 322413 23448 175+6

(*) Estimated over all the fermentation time

As observed in the MLFB fed-batch series, theahwWalues ofu in the earlier induction
phase were high (Figure 4). Thgean Of the first four MNLFB experiments were very
similar, with a maximum value of 0.046'tor a MeOH,, of 3 g-L" (Table 2). On the
other hand, a drop of the specific growth ratelmiia 60% related to the maximum value
was observed in the MNLFB culture performed at ahaxeol concentration of 1%. It is
important to emphasize that the observeghgis far from the pax=0.09 1i* reported by
Zhang et al. (Zhang et al, 2000). This low valueyrna related to the influence of high
level expression on cell physiology, that is, R@kcretion appears to impose a metabolic
burden onP. pastoris which results in a negative effect on cell growBuitibas et al.,

2007).
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Figure 4. Specific rates in fed-batch cultures for Mphenotype using the MNLFB operational strategies

operational feeding strategy of non-limiting metblap, gs and . Dashed lines indicate the specific mean
rate value. Uncertainties are represented by bars.

Furthermore, a similar behaviour fog \Wwas obtained. Specifically, whiles quas about

0.2 g-g h' in cultivations with residual methanol concenoas up to 5 g-t, a
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reduction to 0.14 g-gh™* was observed when the methanol was set at 10 @-able 2

and Figure 4).

Independently of the strategy applied, the relatgm betweernn and @ was similar.
Hence iimeanand Gmeanof MLFB cultures at g=0.045 R were similar to those estimated
for MNLFB cultures at MeOK=2.0 and 3.0 gL Also, pmean and Gmean Of MLFB
cultures at p=0.020 H were similar to those calculated for MNLFB cultsirat
MeOH=10 g-L*. However, the feeding strategy applied affected amd ROL

production. In this way, gaind maximal lipolytic activity were much lower fiLFB.

In MNLFB cultures where the methanol concentratias lower than 2 gt (Figure 3,
Table 2) the lipolytic activity during the inductidime was similar to MLFB cultivations
(Figure 1, Table 1). A slow down on lipolytic adgtiwproduction rate at the beginning of
the MIP (Figure 3) appeared. Consequently, a deerea specific production rates was
observed (Figure 4). On the other hand, in MNLFBuas with MeOHj, of 3, 5 and 10
g-L* ROL level time profiles were clearly differenttioe previous fed-batch cultivation
series. High ROL production and also specific potiin rates (> 200 U-gI™) were
attained over the whole induction period (Table 2¢vertheless, the behaviour of the
MNLFB cultivation at 10 g-I* methanol set point in terms of ROL production agd

was similar to that observed in MLFB cultures odlying the first 20 hours of the MIP.
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3.4.3. Comparison of strategies

In other to discuss about the best productionesgsatFigures 5 and 6 are presented. In
Figure 5, the variation of the total product innerof (PV) against induction time is
displayed, that is related to productivities whidn be estimated from the slope of the
curves. In Figure 6, variation of the final titeralso shown in order to estimatefgpm
the slope of the curves. As observed in Figuré® highest total ROL production, about
800 kU, was reached in MNLFB cultures at Me©B.0, and 10 gL However,
induction times in these cultures were differerting the strategy at MeQpi3.0 g- It
the one that maximizes the productivity. Finallg, @bserved in Figure 6, the highest
specific production rate was also achieved with NFBLculture at MeOk) 3.0 g-L".
Similar results are shown in Table 2 for globalwoétric and specific productivity for
the whole fermentation time. In addition, similatoguctivities were achieved for the
cultivations with MeOH, of 5 and 10 g-L while the highest levels of final titers were

for the cultivation at MeOK}=10 g- L' (Table 2).

106

................. ................ ................. ................. ...... x MeOHset-poim:l'O g-L'l ......
v MeOHset-poim =2.0 g L-l
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Figure 5. Variation of total amount of product through theluction time for the MLFB and MNLFB

fermentations. Productivities can be estimated frloenslope of the curves.
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Figure 6. Variation of total lipolytic activity related total biomass obtained for the fed-batch processes

within the induction time. Specific production rat@p) can be estimated from the slope of the curves.

It is quite difficult to compare different operat@l strategies when the target protein is
not the same, because the recombinant proteinnflagnce in the specific rates. ROL
has been the model protein of choice for sevemprocess engineering studies Ff
pastoris performed by our research gro@md, therefore, different operational strategies

under different phenotypes and promoters have imeglemented.

The results presented in this work are in good eagemnt with other previously reported
studies on ROL production using Mugtrains. In a MNLFB culture operated under non-
automatic control (MeORear 2 g- ') showed analogous yield, maximal lipase activity,
volumetric and specific productivity to those obtd at MeOK= 2 g- L' in this current
work (Cos et al, 2005b). Conversely, some diffeesnamong them concerning specific

rates were observed, probably due to distinct tityleamics related with the different
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control approach applied. In addition, proteolysisserved under heuristic control

strategy was not reproduced under MNLFB conditions.

Experiments made in different laboratories anddziotors at the same methanol set-
point (3 g-L") coupling MNLFB and MLFB strategies, where thetdatwere applied
once oxygen limitation appeared, showed similardpativity (98 to 102 U-g-h?),
proving the reproducibility of the developed MNLEBategy. Maximal lipolytic activity
and Ypx were higher because the bioprocess was longer.ekwthe mean specific
rates presented in the present work were higher @ mean= 322 to 277 U-G-h?)

(Surribas et al., 2007).

MLFB strategies did not appear to be the best deEmuse the recombinant protein
(ROL) production rate was drastically reduced aftensition phase. This fact was also
observed when ROL was produced under FLD promqiplyeng substrate limited fed-
batch (SLFB) strategies (Resina et al.,, 2005). Thplementation of non-limited
substrate fed-batch strategies (SNLFB) overcangepttublem. This production profile is
rather similar to that observed using Myhenotype under thAOX1 promoter. The
behaviour of intracellular ROL activity could indi® an adaptation of cell's
physiological state to ROL overexpression throuljtihe cultivation time, leading to a
down regulation of the ROL transcription levels ¢ia et al., 2005), suggesting that a
threshold level of intracellular ROL may exist,ated to the triggering of the unfolded

protein response (UPR) (Hohenblum et al., 2004).
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3.5. Conclusions

MLFB operational strategy has been successfullyliegppin the production of
recombinant proteins in thB. pastoris cell factory. However, independently of the
phenotype and promoter used in ROL production, $kistegy reached low production
levels. A similar behaviour was observed in the NHBL strategy at methanol
concentration lower than 2 g*LAlthough from an operational industrial point\doéw
MLFB is an easy fed-batch strategy to be implentrddow total lipolytic activity leads

us to reject this approach.

MNLFB operation at constant methanol concentrakigher than 2 g-t is necessary to
maximize ROL production. Proper monitoring and coinbdf methanol concentration in
MNLFB strategy revealed the importance to maintaethanol controlled during the
bioprocess as key parameter to maximize proteirdymtion. It allowed not only
increasing both yields and productivities, but alsbtaining a more reproducible

bioprocess and understanding the influence of methan ROL production.

Highest total ROL production, pk, global volumetric and specific productivity, gnd
productivities were obtained for constant methaomhcentration of 3 gt Lower
methanol concentrations resulted in low productuauedation, whereas at the highest

methanol concentration tested (10 gy methanol inhibition on growth was observed.
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4. A macrokinetic model-based comparative meta-angsis of
recombinant protein production by Pichia pastoris under AOX1

promoter.

4.0. Abstract

An unstructured macrokinetic model for heterolog@usduction ofRhizopus oryzae
lipase (ROL) by @ichia pastorisPaoxi1based system was developed. Mean specific rates
and state variables for various fed-batch cultueder methanol limited and non-limited
conditions were used for modeling. The most repragwe kinetic functions (viz.,
Monod, Haldane, Pirt and Luedeking-Piret) were Usedhe specific rates of cell growth
(1), substrate consumptiomgf and product formationgg). The performance of two
different process models was assessed via simuol&tgts, using an overall validation
procedure. The best model describes the cellulawtgr by a non-monotonic substrate
function, substrate uptake via Pirt’'s equation pratiuct formation through a Luedeking-
Piret equation. A comparative meta-analysis of roddgous protein production of
various target proteins bichia pastorisunder AOX1 promoter was conducted and a
general strategy for improving protein productioonii process kinetics was developed as

a key to bioprocess optimization.
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4 .1. Introduction

Pichia pastorigs recognized as one of the most efficient celtdaes for the production
of recombinant proteins (Macauley-Patrick et alD20Potvin et al. 2012). In fact, more
than five hundred proteins have to date been egpdeby this system (Cregg, 2014).
Also, the system has been used in several prot@duption platforms for structural
genomics programs (Yokohama et al. 2003), espgarath alcohol oxidase 1 promoter
(Paox1), which is currently the most widely used. In dudohi, the system has been used in
combination with methanol as inducer substrate égl@no and Cregg, 2000). There are
three types ofP. pastorishost strains available regarding to their ability utilize
methanol: the wild-type or methanol utilization plphenotype (MU}, and the strains
resulting from deletions in theOX1gene, methanol utilization slow (Mytor bothAOX
genes, methanol utilization minus (MutTypically, Pichia bioprocesses underadk:
involve a glycerol batch phase (GBP), a transipbase (TP) and a methanol induction
phase (MIP). The primary goal of GBP is to rapigdhpduce biomass prior to induction
by methanol. A nhumber of TP strategies use glycanal methanol (Zhang et al. 2000;
Cos et al. 2005a) to increase cell density undgregbl limiting conditions and the de-
repression of yxito adapt cell metabolism to induction of the proendoy methanol. In
MIP, methanol acts as both a carbon source andnthecer substrate. The particular
methanol feeding strategy used in MIP is one ofntlost important factors with a view to

maximizing production of heterologous proteins (€bal. 2006a; Cos et al. 2006b).

Heterologous protein expression systems can usballpptimized by using improved

strains in combination with an optimal engineerstgategy avoiding highly complex
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media in order to reduce costs and facilitate dosgas processes (Sreekrishna, 2010;
Potvin et al. 2012). Modeling and control tools aspecially useful foPichia bioprocess
engineering. A thorough knowledge of the procesegtits is essential to understand the
behavior of this microorganism in terms of growtiptake and production rates. When
the cell population is assumed to be homogenebes;average cell” approximation to
construct an appropriate non-segregated model, hehestructured or unstructured
(Bailey, 1998; Villadsen et al. 2011) can be coesd. If the aim is to understand some
crucial aspect of a bioprocess, then the modelldhnalude physiological and metabolic
considerations (e.g., cell diversity and morphologubstrate and product transport
through cells, protein synthesis, and distributminsubstrates and products between
phases) (Montesinos et al. 1995; Nielsen, 1996;00und Stockar, 2000; Pérez et al.
2005). Accounting for complex interactions betwelea extracellular environment and
intracellular enzymes and metabolites entails ustogiplex models. Genome-scale
stoichiometric models currently provide the bestpragimation to the metabolic
capabilities of cells (Feist et al. 2007; Sohnle2810). Combinations of metabolic and
mechanistic models can lead to a more comprehenkh@wvledge of cellular
organization (Carneiro et al. 2013). However, umdtired models provide quite
acceptable results in many situations such as wherbalanced growth condition is
fulfilled (Heijnen et al. 1979; Chae et al. 2000b&ek et al. 2011) or with estimation,
control and optimization applications of little rhatnatical complexity for
biotechnological processes (Barrigon et al. 201h Bnd Yuan, 2005; Zhang et al. 2005;
Maurer et al. 2006). Thus, using a bioreactor amdaarokinetic model accounting for

macro reactions in combination can be an effeatv@promise between simplicity and
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the comprehensive process description typicallyipgiexd by highly complex alternatives
such as cybernetic (Ramakrishna, 1996), geneticatlyctured (Lee and Bailey, 1984)
and metabolic models (Heyland et al. 2011; Soors.€011; Jorda et al. 2012). In any
case, models should be kept as simple as possitllenadeling strategies only be made

more elaborate when and as needed (Villadsen 20&1; Levenspiel, 2002).

Despite the large number of recombinant proteip®nted for thePichia cell factory,
growth, consumption and production kinetics in yesist have scarcely been modeled to
date (Zhang et al. 2000; Ren et al. 2003; Celi&.€2009). The selected target protein in
this work was a recombinamhizopus oryzaépase (ROL). Process development for
ROL production has been widely studied from a bopss engineering point of view
under different phenotypes, promoters, co-exprgshelpers proteins and strains with
permeabilized membrane (Cos et al. 2005b; Cos €086ba; Cos et al. 2006b; Resina et
al. 2007; Marx et al. 2006; Surribas et al. 200@siRa et al. 2009; Arnau et al. 2011).
Recently, ROL production irPichia pastoris Mut® phenotype under two different
operational strategies, methanol limited (MLFB) améthanol non-limited fed-batch
(MNLFB) cultures, have been intensively analyzedr(i®on et al. 2013). These most
commonly applied control strategies allow maintagnrather constant the key specific
rates for cell growth ) and substrate uptakegg through the quasi-steady state

hypothesis for the substrate while seeking to meartarget protein production.
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In this work, a macrokinetic model for fed-batclogesses is developed and then, a
comparative meta-analysis of heterologous protedayction byPichia pastorisunder

AOX1promoter, considering different target proteisgriesented.
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4.2. Materials and methods
4.2.1. Strains

The wild typeP. pastoris X-33train containing the pPIGAROL vector was used for
heterologous expression Bf oryzadipase (ROL) under control of th&@OX1 promoter
(Cos et al. 2005b). Pre-inocula for bioreactorunalé were grown as described elsewhere

(Barrigén et al. 2013).

4.2.2. Bioreactor cultivation

Pre-inocula for bioreactor cultures were grown2drh in 1 L baffled shake flasks at 30
°C, 150 rpm, in YPD medium containing 10 g yeasdtagt, 20 g peptone, 20 g glucose
and 1 mL zeocin per litre of distilled water. Shdkesks contained 200 mL of YPD
medium. The culture was centrifuged at 4500 x g,ltarvested cells were re-suspended
in bioreactor culture medium and used to inocudate L Biostat ED bioreactor (Braun

Biotech, Melsungen, Germany).

Cultivation tests were conducted in a 5L Braun Bib&D bioreactor (Braun Biotech,

Melsungen, Germany). Media and cultivation condsgitnave been previously described
in detail (Barrigon et al. 2013). The fermentatiprocess involved the three above-
described phases: GBP, TP and MIP (Cos et al. 2006a MIP phase was conducted in
two different ways, namely: MLFB and MNLFB as délsed elsewhere (Barrigon et al.

2013). A total of three MLFB cultures (0.015, 0.020d 0.045 #) and five MNLFB

cultures (1.0, 3.0, 5.0, 8.0 and 10.0 @) vere performed.

150



Chapter 4 — A macrokinetic model-based comparatigta-analysis of recombinant protein productiorPihia
pastorisunderAOX1promoter.

4.2.3. Analyses

Biomass concentration was quantified as dry celgitg DCW) per litre of culture broth
(Barrigén et al. 2013). Methanol and glycerol weetermined by HPLC as described
elsewhere (Arnau et al. 2011). Extracellular lipicly activity was monitored
spectrophotometrically (Resina et al. 2004). Thehar@ol concentration was monitored
online by using a sensor from Raven Biotech (VameouBC, Canada) immersed in the

culture broths (Arnau et al. 2011).
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4.3. Theory and calculation
4.3.1. Mass balance and stoichiometric equations

The oxidative uptake of substrates (glycerol orhraetl) to form biomass and products
can be described by a single overall reaction,-eafled Black Box model, which is a

simplification of all the biochemical reactions aived:

k.S + k,0, > X + k3P + k,C0, (1)
where S denotes one single limiting substrate (glycerohwthanol as the carbon and
energy source), £oxygen,X biomassP product and C@carbon dioxide; ankl’; values

are stoichiometric coefficients that can also Heedaoverall i-biomass yieldsY{i).

For an ideal stirred tank-reactor, considering evsion rates of biomass formation,
substrate uptake and product formation allows ¢hlewing mass balance equations for a

fed-batch cultivation process to be formulated:

X u X
A RE R
AN R A

wherey is the specific growth rate T, gs the specific substrate uptake rate [&-gY,

ge the specific production rate [U7gh™], gozthe specific oxygen uptake rate [mof-¢-

Y, gcoz the specific carbon dioxide production rate [mol-lg'], D the dilution rate
(FIV), F the substrate feeding rate [ChV the volume of broth in the reactor [1S the
substrate feeding concentration [gf]LOTRthe oxygen transfer rate [mol~'th"] and
CTRthe carbon dioxide transfer rate [moll™Y]. Substrate and product concentrations

were referred to the whole medium, including biosnaslume (Barrigon et al. 2013).
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Some assumptions are made in Eq (2), among theimpsttant, stoichiometric (yield)

coefficients remain constant, all cellular compdsemre pooled into one single
representative biomass with concentration X, bi@ma@mposition stays constant and
morphology does not changall other rates than substratptake can be derived from
total mass balances and rate expression for thgngrsubstrate (Villadsen, 2011). For

more details see the chapter 7.

4.3.2. Kinetic models

The most widely used model for cell growth kinetissa monotonically increasing
function (viz., the well-known Monod kinetic model)it is an unstructured,
nonsegregated model and assumes the growth to depdndent of the biomass
composition as any other unstructured model. Thremonotonically increasing function
for cell growth called the “Haldane model” has alsgen used with yeasts to include
inhibition by substrate (e.g., fé. pastorisgrowing on methanol as only carbon source)
(Kobayashi et al. 2000). These two unstructured etfsodssume that there is only one
limiting substrate. Modeling of thgs is commonly based on Pirt's maintenance energy
model, which assumes a linear dependence betggamdy (Villadsen et al. 2011). The
substrate consumption for maintenance is considénddpendently of the growth
process. A large number of kinetic models have hessud to describe the formation of
heterologous proteins. Frequently, product fornmatgorelated to biomass production or
substrate uptake in order to reduce the numbemanbbies to be measured (Liu et al.
2011). Probably, the best known model for productikinetics is the linear relation

betweengr andu proposed by Luedeking-Piret. In this work, sulistnamonotonically
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increasing function (Eqg. 3), non-monotonically i&sing function (Eq. 4) and linear law

(EQ. 5) have been used:

_ qmax,i S

= 3
q; Ky +S 3)

Qmax,i S
Qi=LSZ (4)

Kg;+S+ K.
Qiz = Yizji1q9i1 + Mz (5)
whereq; is the i-specific rategmaxi the maximum value of the i-specific rates; the
substrate monotonic or non-monotonic increasing ehawbnstant,K;; the substrate
inhibition non-monotonic increasing model constaM;: the yield coefficient of
component4to iy andm > the maintenance coefficient of componentwith the use of
linear laws the overall yield coefficient§ 1) are not constant and depend on ithe
specific rate. Discrete specific rateg s andgp,) for each off-line data(KV), (SV) and
(PV)] were determined by using the respective massnbaleequations. Averaged

specific rates during the induction phase in alimentations were estimated by linear

regression (Barrigon et al. 2013).

4.3.3. Performance indicators

To evaluate “goodness-of-estimation”, mean relatveor (MRE was calculated as a
single metrics foXV, SVandPV (Eg. 6) and also an overall performance indicé@i?l),

which is formed by th&#RE of each simulated state variable (Eq. 7).

n
1 0. — V.
MRE = _ZM ©)
n i=1 }’i
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N
1
OPI] = NZ Wyx MREXJ + Wg MRES,j + Wp MREPJ (7)
=1

wheren is the number of data points for an individual exment, Y, thei™ estimated
value, y; the corresponding” actual value for the bioprocess ahdthe number of
experiments, andy denote the weighting factors for the single metngs= 0.5,ws = 0.1

andwp = 0.4.

In order to solve dynamic equations the MATLAB slimary differential equation solver

function ode45s (Matlab R2009a, The MathworksINatik, USA) was used.
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4 4. Results and discussion

The kinetic model for ROL production byP. pastoris Mut® phenotype was
experimentally established from the results for BL&d MNLFB cultures. Eight fed-
batch cultures with different set-points ©r§0.015, 0.020 and 0.045"handS (1.0, 3.0,
5.0, 8.0 and 10.0 g-t) were used. These control strategies allow maiintgi rather
constant the key specific rates for cell growtl &nd substrate uptakgs| through the
guasi-steady state hypothesis for the substrategdraf set-points, were selected in order
to more easily observe the effect of the inducdrssate on the specific rates. In Figure

1 the two standard strategies are shown.
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Figure 1.Time course of state variables and specific rats=B- set.poin= 0.02 h* culture: @) biomass,
methanol and lipolytic activity;R) x, gsandde. MNLFB-MeOHseipoin= 10.0 g- C* culture; C) biomass,

methanol and lipolytic activity;[) «, s andgpe. Error bars represent standard deviations (SD).
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Figure 1. Continued
4.4.1. Kinetic model for ROL production

Figure 2 shows the monotonically increasing and-mamotonically increasing substrate
models used (Eq. 3 and 4). Kinetic parameters warwined by least squares
minimization. Mean specific rates exhibited a mamit increase to a maximum value
not corresponding to the highest concentration ethamnol; this was followed by a
decrease in the specific rates with increasing eotnation of substrate, which suggested
that a monotonic model might not be the best chdda@ameter values, coefficients of
variation (CV) and determination §Rand p-values of the analysis of variance are
presented in Table I. The critical substrate cotraéion &), that is, the concentration

leading to the maximum specific rate, was alsoutated for a hon-monotonic kinetic
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model. As can be seen from Table 1, the resultiagistics confirmed that a non-
monotonic model afforded better fitting than a mmnéac function. The maxima for each
specific rate function occurred at different metlaconcentrations (viz., about 2 g'L

for Suitx andSurics, and approximately 3g-tfor Sip).
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Figure 2. Relationship between specific ratgs gs, gp) and the substrate (MeOH) for ROL production by
P. pastorisX-33 strain with Mut phenotype. &) Specific growth rate's residual methanol concentration.
(B) Specific substrate uptake ratg)(vs residual methanol concentratio€)(Specific product formation
rate @p) vs residual methanol concentration. Dots represepexental mean specific rates, the dashed
line the substrate monotonically increasing modwad #he solid line the substrate non-monotonically

increasing model. Error bars indicate standardré8g).
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Table 1. Macrokinetic models for ROL production By pastorisX-33 strain with Mt phenotype.

Summary of model parameters and correlation fatterseen specific rates,(gs and @) and the substrate (MeOH) concentration.

S non-monotonically increasing function S monotonically increasing function
Parameter Units Value CV % Statistic Parameter Unis Value CV % Statistic
Hmax h? 0.069 33.3
R?(0.81) Himax ht 0.042 12.8 R?(0.67)
Ksx g-L* 0.40 69.1
ax () [h7]
b Kix gLt 8.85 84.6
. p (0.006) Ks, g-L*t 0.13 76.1 p (0.007)
St gLt 1.9 - o
Omax.s g-g*-ht 0.34 21.6
R?(0.92) Omax.s g-g--ht 0.20 12.2 R?(0.76)
Kss g-L? 0.42 43.3
11
.g%h
Glo-gn ] Kis gLt 7.57 60.4
. p (0.001) Ks, g-L*t 0.14 66.3 p (0.003)
Serts gLt 17 - 5
Omax.p U-g-h' 1844 > 100
R?(0.80) Omax P U-g*h' 237 26.5 R?(0.64)
Ksp gLt 10.2 > 100
ge [U-g™-h] )
K p g-L 1.0 > 100
. p (0.008) Ksp g-L*t 1.0 > 100 p (0.010)
Seritp g-L 3.2 -
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The study was completed by calculating correlatiogisveen specific rategd andge vs
1), using linear functions in Pirt’'s model fgg and in the Luedeking-Piret model fgs
(Eq. 5). As can be seen from Figure 3A, the speaffitake and growth rate were linearly
related. Pirt's maintenance energy model provedy@sd as the non-monotonically
increasing substrate model fqg; in fact, both explained changes ggwith a similar

confidence level (Tables1 and 2).

Table 2. Linear kinetic models for ROL production By pastorisX-33 strain with Mut phenotype.
Summary of model parameters and correlation fadieteeen specific rate for substrate uptake oryebd

formation @s, gp) and specific growth rateu).

gs [9-g"h"] (i=5) ge [U-g*-h"] (i=p)
Parameter Units  Value CV % Units Value CV %
Yix g-g* 4.21 11.6 U-g 4567 17.3
m; g-g-h' 00142 >100 U-Gh' 393 20.7
o R? p value R? p value
Statistic 0.92  <0.001 0.92 0.001

"Only applies whels > Sitx; Zero whenS< Sy x

Figure 3B illustrates the correlation between adaking-Piret model for the specific
ROL production rate and specific growth rate. Hogreutwo different submodelsy«
constant angi-linear) were required to accurately explain theiaton of g with u
(Table2). The Luedeking-Piret function may be lmeaough for a limited range af
values in some heterologous recombinant proteirdymtion systems (de Hollander,
1993). The limit condition for switching betweemttions was stated for the critical
substrate valueSix). In fed-batch cultures carried out bel@yix (1.9 g-Y, gpis

virtually independent ofu, so the intrinsic product to biomass yieldpk) ratio is
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assumed to be zero. Thug for rHSA production was previously found to remain
essentially constant witR. pastorisMut® phenotype at lovs (Ohya et al. 2005); above

Siitx, howevergewas linearly dependent on
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Figure 3. Linear relationships between specific rates of Ridaduction byP. pastorisX-33 strain with
Mut® phenotype. &) Specific substrate uptake ratgs)( vs specific growth rate ). Dots represent
experimental mean values)(Specific product formation rateg) vs specific growth ratey). Black dots
and white dots represent experimental mean spegifies for MeOH< S,ix and MeOH >Sx
respectively. Lines indicate the best fit to thet iodel (A) or Luedeking-Piret model (solid line with

MeOH< S, x and dashed line with MeOH%;;; x) (B). Error bars corresponds to standard error (SE).
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4.4.2. Model validation

Two alternative macrokinetic models were testedmelg: one assuming non-

monotonically increasing kinetics for specific gtbwuptake and production (Model A,

Figure 2); and the other assuming non-monotoni¢atiyeasing kinetics fon (Model B,

Figure 2A) and:-linear functions fogs (Figure 3A) andye (Figure 3B)

w=0015n"
n=0020n"
u=0045 "
[MeOH] =1.0g.L"
[MeOH] =3.0g.L"
[MeOH] =5.0g.L"
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Figure 4. Model validation by simulation of global state \&bies KV andPV) over the induction time.

Time course ofA) total biomass an@B) total lipolytic activity. (C) Total biomass an¢D) total lipolytic

activity variations on cumulative total biomasst-Seints are indicated kyvalues for MLFB cultures and

methanol concentrations for MNLFB cultures.

Models A and B provided similarly accurate estimdatl@omass profiles, with a mean

relative deviation of 5% (Table .3, substrate eatea not shown). Substrate simulations

were subject to large errors with both models, esflg in MLFB cultures MRE
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>100%) owing to the lows. Model B provided more accurate product profilegh a
mean relative deviation of 12%. Overall performamaes clearly worse with Model A
(OPI=17%) than with Model BQPI=12%). Although Model A fitted mean specific rates
quite well (Figure 2 and Table 1), the simulatedules for global state variables exposed
a higher than expected deviation. Generally, ptegicerrors were lower (MRE,) for
biomass in MLFB cultures and higher (MRE for product in MNLFB, thus according
to the observed poorer fitting of the kinetic madat high substrate concentration. In
Figure 4 the simulated and experimental valuesi@fgiobal state variableXV andPV)

as obtained with Model B are shown. Overall biomasd ROL productivities in the
induction phase were estimated from the mean stéplee curve in Figure 4A and 4B,
respectively. So, biomass productivity ranged frirh to 5.1 g-DCW H and ROL
productivity from 3.2-1dto 2.7-10 U-H". Mean specific rates fqr and g, were also
calculated from the slope of experimental curveBigure 4C and 4D, now according to

Eq. (8) and Eq. (9), respectively.

xv) t
f d(XV) = tmean | (XV)dt (8)
(

XV)o to

(PV) t
f d(PV) = qpmean.[ Xv)dt (9)
( to

PV)o

Specific rates varied over the range 0.015-0.04fhu and 40-280 U-¢ b for qp.
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Table 3.Model validation of global state variableéandPV) for time coursetf and cumulative biomass
(ftZ(XV)dt ). MREcan MREq i, and MRE; ., are, respectively, the mean, lower and higl&®E obtained

for all the experimental set.

Model Statistic XVvst XV vs ft:](XV)dt PVvst PV vs ft;(XV)dt
Model A MREpean  0.05 0.05 0.24 0.24
_Snon-monotonically —ype g o3 0.03 0.07 0.07
increasing functions for
#, Gs, and gp MRE..x  0.09 0.09 0.55 0.66
Model B MRE,css  0.05 0.05 0.12 0.11
S non-monotonically
increasing function for MREqi, 0.03 0.03 0.06 0.07
YZi
prlinearfunctionfor ds e g o7 0.07 0.20 0.17

and gp

In conclusion, although the estimated values pewidy Models A and B were
consistent with their experimental counterpartg kater model performed somewhat
better. In fact, Model B was highly accurate feriéduced mathematical complexity and

is thus a promising choice for estimation, conénodl optimization in future tests.

4.4.3. Comparative analysis

Comparing the productivity of target proteins regsi considering bioprocess
engineering aspects including culture medium angiphl variables such as temperature
and pH, oxygen supply and p@vel. Also, operational strategies such us fedtbat
operation at variable methanol feeding rates witlwithout methanol control, and the
use of mixed substrates, can significantly affquctfic rates, and hence production
levels and the specific productivity of a proceBgsides, genetic and physiological
aspects affect protein expression levels for argiaeget protein (Brocca et al. 1998;

Hohenblum et al. 2004; Boettner et al. 2007; Resiea al. 2007).
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Table 4. Summary of kinetic models and process charadtesifir various heterologous proteins produce®bgastorisunderAOX promoter.

p-model g-model g-model Specific
Reference Strain Protein Tvpe Critical Operational Tvpe Parameters Tvpe Operational  Productivity ~ Medium
yp values range yp yp range (mggth?)
Snon-
. X-33 . Siit=1.93 " Y= 4.21 gp-constant  S<§,;= 2.0
This work Mut* ROL mpnotonlpally fiont = 0.049 _ p-linear m= 0.0142 w-linear S>S~2.0 0.05 BSM
increasing
Snon- Snon-
Zhang et GS115 BoNT/ . S.ii= 3.65 r Ysx=3.53 . o
al., 2000 Mut* A(Hc) mpnotonlpally st = 0.08 _ p-linear m.= 0.0298 mpnotonlpally Si=2.1 0.14 BSM
increasin increasin
Coffee K non-
Zhang et GS115 O Ysx=3.05 . .
al., 2005 Mut* bean _ _ _ p-linear m.=0.016 mpnotonlpally Uerie = 0.027 0.13 BSM
a-Gal = increasin
. non-
Sinhaetal,  GS115  rOvIFN- . Yop=3.15 K non .
2003 Mut® T _ _ p-linear m.= 0.0231 mpnotonl_cally Uerie = 0.025 0.03 FM22
= increasing
Snon- Yox=3.17 M non-
Zhang et X-33 rOvIFN- ! (Zhang et " —sh : 0.01<u<
al., 2004 Mut* T mpnotonl_cally al., 2000) _ p-linear m= *.0126 mpnotonl_cally 0.09 0.03 FM22
increasing ) increasing
Schenk et Snon- _ H
al., GMSult+15 recGAvi monotonically 15 %n(t)<129 _ _ Y’_, =2.85 monotonically p<0.14 0.01 BSM
2007&2008 increasing Mert = - increasing
p-linear 0.015= i<
Jacobs et GlycoSwitch GM- Siit=2.0 0.015 <u< O _ . 0.033
al., 2010 -Man5Mut  CSF - ten=0.063  0.063 w-linear Yy=353  decreasing ) aa < 0.16 FM22
g,-constant ~
P 0.063 )
. 0.011<gg<
Cunha et GS115 Gs linear 0.026
n sckv _ _ _ _ _ decreasing <0.01 BMGY
al., 2004 Mut 0.026< gs<
gp-constant 0.05E
Khatri and GS115 Yon=4.17
Hoffmann, scFv _ _ X S<30 p-linear m=0.042 _ _ 0.04 BSM
BA1l S—
200¢ )
. 0.007<p< Y= 3.33 v
Yamawaki 681}5 sckv _ _ 0.054 p-linear m~0.013  monotonically i = 0.02 () 0.04 BSM
et al., 2007 Mut _ . ) )
See-point= 3.9 ) increasing
Potgi Y= 3.0 el
otgieter et i Yop= 3. monotonically ~
al.. 2010 YGLY4140 IgG1 _ _ p<0.03 p-linear m.=0.0168 increasing Lerie = 0.0115 0.08 BMGY
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p-model g-model g-model Specific
Reference Strain Protein Tvpe Critical Operational Tvpe Parameters Tvpe Operational  Productivity  Medium
yp values range yp yp range (mggth?)
Katakura et GS115 B.GPId Slinear Uerip = 0.12 Slinear Slinear 1.5<S<31
al., 1998 Mut* \Y decreasing 0 1.5=85s31 decreasing - increasing ) 0.05 BSM
Kobayashi  HA2 Snon- =3.05 Vo257 pdinear  OCIHE
i rit — - _li six — &+ i . .
et al., 2000 Mut® () rHSA mpnotonlpally fiont = 0.154 _ p-linear m.= 0.0226 decreasing 0.015< p < 0.17 1.5 - PBM
increasing gp-constant 0.025
0.001<p
Ohya et al., HA2 0.001<p< r Ysx=2.82 two-p-linear <0.015
2005 Mutt ()  THSA - - 0.060 wlinear "2 50209  increasing  0.015< 021 PBEM
<0.060
S .
Curvers et GS115 . Umax = Luedeking- 0.03 <p<
al., 2002 Mut* hCTRB  monotonically  ‘ag, S<4.0 - - Piret 0.09 0.03 BSM
increasing
Zhou and Snon- _ Y =20 Snon-
Zhang, 651}5 rHv2 monotonically a”t__ 3.09 _ _ (atp=0.02) monotonically  S;;=0.50 0.07 BSM
Mut . : Uerit = 0.046 . . .
2002 increasing increasing
D’Anjou
Pais et al., GS115 O Ysi=3.27 r &
2003 MutS MPI _ _ _ p-linear m.=0.026 p-linear _ 0.01 Daugulis,
200(
- } 0.016<0gs<
Dietzschet  KM71 HRP inear | Ss  Gpconstant 0.048 Datanot oo
al.,, 2011 MutS - - - H ”‘5‘(*)' d‘g roneno 0.048< gs<  available
9 0.080)
S
Jahicetal, SMD1168  CBM- . 0.00%p<  monotonicall y -3 7g
2002 Mut* CALB gslinear _ 0.18 yincreasing  m = 0013 _ _ 0.06 BSM
p-linear
Notes:

e, intrinsic substrate to biomass yieWj; , overall substrate to biomass yield

S, Sit= 9 L] Ky Here = [07]; Yo, Y= [9-g"]; ms=[g-g"- 1]

The temperature was 30 °C in all cases, exceptiaeEs et al.(2002) and Ohya et al.(2005), whenai 25°C; and 24 °C in Potgieter et al.(2010)

Biomass is expressed in g dry cell weight (DCW)derined values were calculated by using the caieprfactor 4.2 WCW g 1 g DCW from Potgieter et al.(2010)
(") Operational ranges, critical values and paranmatatels were calculated from numerical or graphieah reported in each reference

Specific productivities were calculated from datparted in each reference and are expressed ixtragellular target protein per gram DCW per harnfentation.
For BoNT/A(Hc) mg of intracellular protein per graddCW per hour fermentation.

BSM, BMGY, FM22 are described in Cregg (2007) aBi/Hs described in Kobayashi et al. (2000).
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Many studies have been performed on modeling tbdyation of recombinant protein
by P. pastorisand some of them used to optimize fermentatiomitioms to let maximal
yields and productivities. A summary of kinetic netsl for different target proteins
produced byP. pastorisMut” or Mut’ strain with methanol as sole carbon and energy
source is presented in Table 4. It includes ciiticdues for specific rates, operational
ranges, yields and maintenance parameters, sp@cdtuctivities yielded and culture
medium used. Because the overall performance ofptbéein production process is
dictated by optimal selection of many variablesluding genetic and bioprocess
engineering factors, it is rather difficult to coamp the production results of Table IV
since yields, specific rates and productivities ed&b on appropriate selection of such
factors. However, available data allow one to dslabcommon strategies and select
typical ranges for some operational process paemiewnith a view to efficiently

exploiting thePichia cell factory.

4.4.3.1. Specific growth rate

The most widely used kinetic model farin Pichiais the well-known Monod equation,
in culture broths typically falling in the subseatange from 0 to 4-5 g-t(Curvers et al.
2002; Barrigdén et al. 2012). However, the systerals® accurately described by a non-
monotonically increasing pattern (Table V), usuyadlelected for the high-methanol
operating region, which is cytotoxic and inhibitooy microbial growth (Potvin et al.
2012). Other kinetic models typically developednir@ontinuous culture setups have
been used to identify relationships between grawatbs and other kinetic rates (Ohya et

al. 2005; Potgieter et al. 2010). Thef the wild type strain oPichia (umax= 0.16 R is
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rarely reached during production of a recombinambtgin (Potvin et al. 2012).
Examining the actual maximum obseryes#alues () for different proteins (Table V)
reveals that only heterologous productionpeGPIdV (Katakura et al. 1998), rHSA
(Kobayashi et al. 2000) and recGAvi (Schenk e2@D7) was close tomaxfor the wild
type (0.12-0.15 1). However, production of rOVINF-r (Zhang et al 020, BoNT/A(Hc)
(Zhang et al. 2000), scFv (Kathri and Hoffmann, @00HV2 (Zhou and Zhang, 2002),
hCTRB (Curvers et al. 2002) and ROL affected cedlngh significantly and reduced

to 0.05-0.08 H. Although these values may have been underestimaveing to
differences in media and operational conditionsg.(edissolved oxygen level,
temperature), production of a recombinant protgifPichia clearly has an adverse effect
on its growth kinetics. Besides, a knowledge oéistrconstruction and details about
bioprocess implementation does not suffice to egBnproduction levels for a given

target protein—not even qualitatively.

4.4.3.2. Specific substrate uptake rate

Practically all bioprocesses conformed to a Pmt@intenance energy modei-ljnear).
The experimental intrinsic yield(éx) ranged from 2.0 to 4.2 g'dmean, 3.2+0.6 g0
and the maintenance coefficiemi) from 0.013 to 0.042 g-§h*(mean, 0.020+0.008
g-g*-hY). Similarly to they, it is rather difficult to compare reported resulff qs owing

to differences in genetic approach and operati@tategy. Also, some results are
unrealistic or even inconsistent with the C-balaoagng to potential loss of methanol
through the off-gas stream, generation of by-prtglaad the presence of large errors in

biomass determinations. It should be noted thavemion factors from absorbance and
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WCW to DCW can affect yield determinations. Sinc€EW to DCW conversion factors
are rarely reported, the yields of Table IV werkglated by using the conversion factor
value reported by Potgieter et al. (2010). Thedyiebefficients of Zhou and Zhang
(2002), and Dietzsch et al. (2011), were considgridwer than others. In facty gx
values in the region of 2 g tare usually related to glycerol or glucose uptde.the
other hand, carbon from methanol can be dissinilateCG; to a ratio of 80 % (Jorda et
al. 2012), sof gx can be as high as ~5 g'as a result. Although théyx values obtained
by using a Pirt’s model in this work are among thghest reported, the maintenance
coefficient was lower to the mean. The particulperational conditions used (viz., air
enriched with pure oxygen, pulse additions of @& source, specific operational
strategies) may have modulated metabolic regulgian, by boosting COproduction
and reducing biomass production accordingly in case). By contrast, the results of
Katakura et al. (1998) suggest tlggtdecreases linearly with the substrate concentration
however, if Pirt's model is applied)s is linearly dependent op. Jahic et al. (2002)
assumed: not to be the key specific rate and used a monoddigiincreasing substrate

model forgsinstead.

4.4.3.3. Specific substrate formation rate

The model foge differs significantly depending on the particutarget protein. In Table
4, gris described as a function of the specific rater(qs), S, X or combinations thereof,
using increasing, decreasing or independent psofilae production rate of most proteins
is related to cell growth; as a result, tyeis related to the.. Hensing et al. (1995)

developed the growth-coupled Luedeking-Piret prtidncmodel, au-linear model for
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homologous protein production. Other, partially wtio-dependent, production patterns
areu monotonically and: non-monotonically increasing models. The specifigrfation
rates of recGAvi (Schenk et al. 2008) and scFv (&aaki et al. 2007) have been
represented with monotonic functions, and so hhwese of coffee beawGal(Zhang et
al. 2005), rOvIFNe (Shinha et al. 2003) and IgG1 (Potgieter et all020with x non-
monotonically increasing models. These productiaiiles are to some extent associated
to changes in metabolic regulation rates that aosvity-rate dependent. Thus, protein
production may be partially explained by cell grovdr substrate uptake, but also by
other rates potentially associated to productiortldiiecks. Some authors have
characterizedjr with a stepwise model assuming linearity betweéesrfu-linear orqs-
linear models) and/or constant protein productigncpnstant model) that is formulated
via inequalities. When a biosystem reaches thet licondition (viz., an inducer
concentrationy or gs value), its metabolism changes significantly andises its protein
production pattern as a result. The specific prtdoaates of ROL, GM-CSF, Jacobs et
al. (2010), scFv, Cunha et al. (2004), HRP, Didtzscal. (2011) and rHSA, Ohya et al.
(2005) have been described with stepwise modelgarfety of production profiles were
thus obtained, which can be ascribed to a strodgpendence on intracellular inducer
levels, metabolism regulation rates or saturatibrsexretion pathways (Potvin et al.
2012). On the other hand, cell growth-independeotemn production has been reported
for rHV2 (Zhou and Zhang, 2002), BoNT/A(Hc) (Zhaetgal. 2000),GPIdV (Katakura
et al. 1998) and scFv (Khatri and Hoffman, 2008y @-related to the substrate/inducer
concentration. This relationship is quite consisteith the fact that production is related

to the uptake of methanol, which is the limitindpstrate as well as the inducer.
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4.4.3.4. Productivity

Table 4 lists the specific productivities [in mgget protein-g DCW-H'] calculated
from reported data for comparison with heterologptsein production byP. pastoris
under AOX1 promoter. Although direct comparison is ratheficliit because many of
the bioprocesses were not optimized, typical rarfgespecific productivities can be
identified. The mean specific productivity was @006 mg-g-h™*. Lower values
(<0.01 mg-g-h") were obtained for mini proinsulin (Pais et al02)) recombinant
glycosilated avidin (recGAvi) (Schenk et al. 2008)d antibody fragment (scFV)
production (Cunha et al. 2004) without optimizatioh the operational conditions.
However, scFV productivity was greatly increasepl {@ 0.04 mg-g-H™") under optimal
conditions, which suggests that optimizing the bogpss can substantially improve its
outcome (Kathri and Hoffmann, 2006; Yamawaki et24107). In some cases, authors
focused on improving product purity for efficienecovery. Moderate specific
productivities (0.03-0.13 mg-gh™) were previously obtained for rOvIFN(Sinha et al.
2004; Zhang et al. 2008,GPIdV (Katakura et al. 1998), hCTRB (Curvers et2802),
scFV(Yamawaki et al. 2007), ROL (this work), CMB-CB\ (Jahic et al. 2002), rHV2
(Zhou and Zhang, 2002), 1gG1 (Potgieter et al. 2@t@ coffee bean-Gal (Zhang et al.
2005). The fact that different recombinant proteinsluding hydrolytic enzymes,
antibody fragments, interferon and polypeptideseaqaressed at moderate productivities
under Roxiconfirms the high potential d?. pastorisas a protein expression host. High
specific productivities (0.14-0.16 mg‘di') have been reported for intracellular
BoNT/A(Hc) (Zhang et al. 2000) and GM-CSF (Jacolsale 2010) under optimal

bioprocess conditions. The highest specific praslitgtreported so far is that for human
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serum albumin (rHSA) used as a reference proteiRifthia Expression Kit (Invitrogen,
2014). The first optimization policy applied to gh8ystem was intended to maximize its
productivity and involved designingprofiles and having the system follow an optimum
substrate feeding rate trajectory leading to a iipeproductivity of 0.18 mg-¢-h*
(Kobayashi et al. 2000). Subsequently, using anrongd kinetic model and new

constraints raised rHSA productivity to 0.21 mg-kg*(Ohya et al. 2005).

4.4.3.5. Bioprocess optimization

How a fermentation process is optimized dependgherparticular criterion used (e.qg.,
maximizing yield or productivity) and the kinetiac¥ the process, the relationship
between product formation and biomass growth, maifherefore, each cell factory
producing a specific recombinant protein in a gifermentation mode has a kinetic
condition, singular specific rate or range therdodt leads to optimum bioprocess
production. Optimizing a fed-batch bioprocess oftevolves identifying the particular
feeding strategy that will maximize yield or protluity. This optimal control problem
can be solved by applying Pontryagin’s Maximum €&iple (Claes et al., 1999). In some
cases, maximal yield and productivity can also btaioed by operating at a highly
constant specific rate (€.@max tmin OF Op.may, USING an increasing substrate feeding rate.
Conversely, depending on the particular kineticspobduct formation, the highest
productivity or yield can be obtained by using atimal trajectory for the controlled
variable (typically, the substrate or specific gtowate) (Maurer et al. 2006). Using
optimal profiles to optimize a process is quite iadlble when correlation between cell

growth and protein production is non-linear, buthem monotonically or non-
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monotonically increasing (Claes et al. 1999; deldtaler, 1993). Only a few of the
recombinant proteins produced By pastorisunderAOX1 promoter listed in Table IV
were obtained by using an optimal profile. For egeensome kinetic models were used
to optimize production ofa-Gal and rHSAw-Gal production was optimized by
maximizing either productivity or yield, using as the control variable (Zhang et al.
2005). Optimaly trajectories were also calculated and used tonopdi total rHSA
production (Kobayashi et al. 2000; Ohya et al. 300%e influence of some operational
strategies |{-constant,S-constant) on ROL production bl. pastoris under AOX1
promoter has been the subject of systematic stBdyrigon et al. 2013). However,
defining optimal profiles for this system was odésithe scope of this work and will be

left for future work.
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4.5. Conclusions

Heterologous production d®hizopus oryzaépase (ROL) by &. pastorisPaoxi-based
system can be accurately described with a macro&inedel. Two different models (A
and B) were assessed for overall performance atidemmatical simplicity here. Model A
uses non-monotonic substrate functions for growtihstrate uptake and production,
whereas model B uses a non-monotonic substratdidanfor growth, Pirt’s model for
substrate uptake and Luedeking-Piret equation fotepn production. Although the two
models described specific rates with great accurbtydel B performed better in an
overall validation for the entire operational rang#odels could be further tested for
application to process control and optimizatioriuture work. A comparative analysis of
different target protein production . pastorisunder AOX1 promoter revealed the
following: protein production had a direct effech @rowth, substrate uptake was
proportional to growth and production differed sigantly between proteins. The results
can be used to estimate a range of specific rategréwth and substrate uptake, and also
to relate specific rates. This may be the stappioigt for developing a generic strategy to
improve protein production from process kineticsadgey to bioprocess optimization. In
this way, near-optimal production could be achiewdthout the need to define an
optimal trajectory with its associated additionapemtional and mathematical
complexity. In general, the typical non-monotonature of growth kinetics, lineajs-|t
behavior and proportionally decreasing relationsl@fweerge andp, suggest that yields
and productivities can be maximized at a specifawgh rate where the specific product
formation rate is not maximal. Usually, maximum lgg& and productivities will be

obtained at moderat8 (2-4 g-L) and moderate to high (0.02-0.06 H). MLFB

174



Chapter 4 — A macrokinetic model-based comparatigta-analysis of recombinant protein productiorPihia
pastorisunderAOX1promoter.

operational strategyufcontrolled) has been successfully applied in thedpction of
recombinant proteins in th®. pastoris cell factory, but generally reaching low
production levels associated with I&vAlthough from an operational industrial point of
view MLFB is an easy fed-batch strategy to be immated with an open-loop control
structure, MNLFB operation at rather const&hhigher than 2 g-L is required to
maximize protein production. For high8rthan 6 g-[* significant inhibition on growth

has been often observed.
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5. Design of alternative operational strategies iPichia pastoris Mut”

cultures through an oxygen transfer model.

5.0. Abstract

The characterization of oxygen transfer capacitydifferent laboratory/pilot scale
bioreactors was carried out. Response time of ldetrede was measured and taken into
account in ka measurements. A & comparison was performed between the bioreactors
in different operational conditions (stirring 300aD rprm and airflow 0.25-3vvm). The
most representative empirical correlation fea lestimation was explored to define the
oxygen transfer model. The mass transfer modeltested in a methanol limited fed-
batch culture (MLFB) showing a good prediction daijy during the fed-batch phase,
where the ka estimation was about 15 % deviation. After satigfrily testing the model

in a MLFB culture, some oxygen limited fed-batcH_fB) strategies were simulated in

order to explore the oxygen limiting conditionsadternative operational strategies.
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5.1. Introduction

In aerobic bioprocesses, oxygen must be continyguslvided to the broth by a gas
phase. Oxygen is transferred from gas phase toassnthrough gas-liquid interphase,
becoming soluble in the media and finally goingthgh liquid-solid interphase (Nagata,
1975; Bailey and Ollis, 1986; Garcia-Ochoa and Gfn2€09). In this process, many
oxygen transport resistances are involved, bufilimeresistance around bubble controls
the overall transfer rate (Garcia-Ochoa and GO2@29). The gas-liquid mass transfer is
usually modelled by the double film theory, the @&tpn can be written:

Ke(pg —pe) = K, (03 —0,) (1)

1 1 +1 @

where, K are overall mass transfer coefficients anth& local mass transfer coefficients
[m-sY], p the oxygen partial pressure [Pal, the oxygen concentration in the liquid
phase [mol- ], L subscripts indicate the liquid phase and Ggas phase, * superscript
the critical value, |, is the Henry’'s Law constant for oxygen solubility water

[m3 Pa-mof]. K. coefficient is approximated tq lbecause the oxygen solubility is low
(Hoz>>Kg,k.). In water and also in culture the liquid resis&ns the highest. Due to
difficulties to measure kcoefficient, volumetric mass transfer coefficighta) [s'] is

commonly studied instead of KThe specific interfacial area (a) is gas-liquiteifacial

area of the bubbles per unit of liquid volume*{m?]. (a) value depends on bioreactor
geometry, system flow dynamics and liquid propsr{@®choa et al., 2010; Villadsen et

al., 2011; Doran et al., 2013).
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In order to prevent or determine any oxygen linotatduring the bioprocess, it is
essential to perform a study of the oxygen transdgiacity of the bioreactor. The oxygen
transfer rate (OTR) of a bioreaction system [mdld!] is defined by the following
equation:

OTR = kya (05— 0,) (3)
Where (Q'- O) is driving force, which corresponds to differerfmetween the oxygen
solubility (O;) and the dissolved oxygen concentration in theidig(O;) [mol- LY.
Oxygen solubility depends on the culture mediajcirength, viscosity, temperature,
pressure, and the chemical reactions (WeisenbenggrSchumple, 1996; Gros et al.,
1999; Pérez et al., 2006; Liang and Yuan, 2007¢ci@adchoa and Gémez, et al., 2010).
OTR may be increased by taking advantage of théngriforce (Q - O,), e.g. Q' is
usually higher in water than saline or viscous ragdr by studying ja of the bioreactor

and applying the optimal configuration that allowvaximizing it.

Studies about the & determination in aerobic bioreactors are not & approach.
Differences between transfer capacities of diffel®areactor geometries and operational
conditions have been studied (Van't Riet 1979, &ai Ollis, 1986; Blanch and Clark,
1996; Fujisova et al., 2007; Garcia-Ochoa and GO2@29, Karimi et al., 2013), & can

be measured experimentally by chemical or physwathods; or estimated by using
empirical correlations. la determination by chemical methods are based @sumag
the chemical reaction, where the reaction rateastef than mass transfer. Thus, mass
transfer controls the process. The most populamatsd methods are the sodium sulphite

oxidation (Cooper et al., 1944; Fyferling et alb08; Pinelli et al. 2010) and the carbon
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dioxide adsorption (Danckwerts, 1970; Bioshnoi &wathelle, 2000). la value can be
estimated by measuring p&0O; or CGO, consumption rate respectively. However, both
methods have the same problem: ion presencg{@@d OH). These ions affect into
bubble size, making higher theakvalue than utilizing other methods (Van't Rie2/9;

Garcia-Ochoa and Gomez, 2009).

Nowadays, physical methods are the most used_&odetermination. The dynamic
method is based on measuring the dissolved oxygawceatration by polarographic
oxygen probe during the oxygen desorption or aligorprocesses (Tribe et al., 1995,
Galaction et al., 2004; Pérez et al., 2006; Gatwheoa and Gomez, 2009; Patel and
Thibault, 2009). The method consists in measutiregetvolution of the dissolved oxygen

during a period of time until the oxygen concerntratreaches the steady state.

0;—-0
In <—) A

Where t is the initial time, £ the final time [s], @Q; the dissolved concentration atlh
case of desorption method, after oxygen saturatidghe liquid is reached, the oxygen is
removed from the liquid phase, e.g. by means abbgén supply, until the oxygen
concentration drops down to zero. In contrast, gdigm method consists, after
desorption process, in air supplying until oxygextusation in the liquid is reached.
However, in order to determine accurately tha garameter by the dynamic method, it
may be necessary to take into account the responseof the probet] [s]. The time
required for the probe to reach 63.2% of its fimalue, when it is exposed to a step

change in concentration, is It is highly recommended to work with probes with
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1<<k,a' (Tribe et al., 1995; Doran et al., 2013). The dyitaof the electrode can be
neglected only if time characteristic for the oxygeansport (ka') is 10 times higher.

Thet of the fast oxygen electrochemical sensors is @bau(Garcia-Ochoa and Gomez,
2009). However, commercially available steam siatile electrodes which are used for
measurements in bioreactor systems have largensspone constants 10-100 s (Tribe

et al., 1995; Doran et al., 2013).

k.a may be correlated with dimensionless numbers h&n&od (Sh), Reynols (Re),
Schmidt (Sc) and with other variables and an exddniist of operational conditions,
geometries and reactors (Garcia-Ochoa and GomdX; 2@illadsen et al., 2011).
However, the most utilized correlation qfakfor Newtonian flows was defined by Van't
Riet, (1979) and it is showed in Eq. 5 (Cooperetl®44, Bailey and Ollis, 1986; Martin
et al., 2008; Fyferling et al., 2008; Garcia-Oclaoal Gomez, 2009, Doran et al., 2013;

Karimi et al., 2013).

a

kya =k, (%) NG
Where Pg is the effective power [W], which coveashbthe shaft power and the power
provided by the isothermal expansion of the gais e liquid volume [mor L], vs the
superficial gas rate [m?} ki the correlation constant, andp are the exponents, & is
proportional to the effective power per volume igjuld in aeration conditions and to

superficial gas rate for Newtonian flows (Eq. 5).

Some authors have replaced Pg/V variable by giirrate (N) [rpm] (Marques et al.,

2009; Pinelli et al., 2010) or have introduced @ty (u,) for non-Newtonian [Pa-s], see
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in Eq. 6 (Garcia-Ochoa and Gomez, 1998; Gogatk, &0; Badino et al., 2001; Puthli

et al., 2005; Fujisova et al. 2007; Albeak et20]11).

P A\@
ka =k, (79) vf ul (6)
The global mass transfer capacity of the systembeamodified by biochemical factors,

such as tensoactive agents (Bailey and Ollis, 1986)c strength of the liquid (Van't

Riet 1979; Fujisova et al. 2007; Fyferling et 8008; Garcia-Ochoa and Gomez, 2009),
oxygen diffusivity in the liquid and biomass (Fyfeg et al. 2008; Garcia-Ochoa and
Gomez, 2009 and 2010). For example, surfactanttautxss may provoke an additional
resistance. On the other hand, biomass may causeaateration effect on the global
mass transfer due to oxygen taken up. These efteat<orrect the global mass transfer
capacity are studied by enhancement factor (EagduSundarajan, 1992; Galaction et al.

2004; Fyferling et al. 2008; Garcia-Ochoa and GQrae@9; Calik et al., 2010).

kia and OTR can be also measured during the biomo€Geg/gen mass balance in the

bulk liquid phase is described by the following ajons:

dOZ—OTR OUR 7

OUR =qo,-X (8)
Where the OUR is the oxygen uptake rate [mdist or mol-L*-HY), qO, the specific
oxygen uptake rate [mol’gs® or mol-g'-h'], and X the biomass concentration [d]L
The evolution of dissolved oxygen concentration) (@ the broth depends essentially on

OTR, from the gas to the liquid phase and to biaid®, and on OUR by the respiring
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microorganism. OTR can be indirectly estimated masuring the OUR directly by gas
phase analysis or by dynamic method. OUR can beunead by the difference between
the oxygen concentration of the air inflow and @itflow (Belluci and Hamaker, 2011,
Doran et al., 2013). Supposing steady or pseudmhgtstate hypothesis, this means: state
variables, rates and operational conditions arevanting, OTR is equal to OUR. If O
and Q are known, ka can be calculated. The dynamic "gas out-gas gthod consists
of measuring the evolution of the dissolved oxygemning the bioprocess by a method
similar to adsorption, described previously. Howevexygen consumption by the
respiratory activity of microorganisms has to bdestainto account forla determination.
When the gas supply is turned off to the bioreaat@sorption step is performed by
microorganisms and OUR is measured. When gas sigplyned on, @increases to the
stationary concentration. The dynamic evolutioroxygen is used to determine thgak
(Tribe et al., 1995, Pérez et al., 2006; Hansoal.et2009; Patel and Thibault, 2009;
Garcia-Ochoa et al., 2010; Belluci and Hamaker12&irk and Szita, 2012; Doran et

al., 2013).

OTR and ka determination or estimation are essential fordaiotor design and process
scale-up. Additionally, OTR may be used to contha@ dissolved oxygen and indirectly
to estimate or control the microbial concentratidanzsch et al., 2004; Oliveira et al.,

2004, 2005; Potgieter et al., 2010; Valero et2413).

The methylotrophic yeastichia pastorigs one of the most efficient cell factories for the

production of recombinant proteinB. pastorisis able to grow to high cell densities on
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minimal medium, potential for high expression leyelperform posttranslational
modifications and secrete the recombinant prot@tecauley-Patrick et al., 2005; Potvin
et al., 2012). However, the most important charastte of P. pastorisis the existence of
a strong and tightly regulated promoter from theohbl oxidase 1 gene, the alcohol
oxidase 1 promoter (Bx1) (Cereghino and Cregg, 2000; Cos et al., 2006ekiEhna,
2010; Potvin et al., 2012). The fed-batch is thesitmsed operational mode for Pichia’s
high-cell-density fermentation, which also allowshi@ving high productivities. The
utilized substrates are usually glucose, glycemibitol and methanol. Os usually kept
above the 20% of dissolved oxygen saturation in(@ir) (Cregg, 2007, Potvin et al.,
2012; Valero, 2013, Invitrogen 2018,0x1 have been used in tiRéchia system for high
level expression of heterologous proteins usinghareil as an inducer substrate
(Cereghino et al., 2000). When methanol is utiliasch sole carbon source, high oxygen
requirements are necessary to metabolize it. Esibean the first step of the oxidative
methanol assimilation, which methanol is oxidatgdhe alcohol oxidase enzyme (AOX)
to form formaldehyde and hydrogen peroxide (Coalgt2005, Cregg, 2007; Zhang et
al., 2007; Yano et al 2009, Yurimoto et al., 20¢alero et al., 2013). Utilizing methanaol,
Joz may be up to 5 times higher than utilizing gly¢d®arrigon et al., 2012, citas). So,
oxygen provide toP. pastorismay be a critical limitation for protein produatio
especially when usingaBx: Mut® phenotype at high-cell-density (Wu and Fu, 20112).
order to avoid oxygen limitation, enhancing oxygamansfer studies have been
performed. Enriching air flow by mixing air with pioxygen or pressurizing the process
allows an increase in the oxygen partial pressarthé gas mixture (Yang and Wang,

1992). Nevertheless, these operational conditisesoaly recommended when all safer
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and cheaper strategies were exhausted, suchaaspkimization or increase the culture
oxygen solubility (Zhang et al., 2007). Finally, evh oxygen limitation cannot be

overcome, oxygen limited fed-batch operationalteggp (OLFB) is proposed.

OLFB is a control method that adjusts the methanosumption by means of the oxygen
transfer rate, often provoking oxygen taken uptitmons to the microorganisms (Khatri
and Hoffmann, 2006b). Although oxygen limitatioroald generally be avoided during
the induction phase (Invitrogen, 2014), OLFB cutiens strategy have been
successfully implemented F pastoriscultivations through different approaches (Potvin
et al., 2012). MNLFB strategy was converted intoFBlL.when the maximum OTR of the
reactor was reached, and dissolved oxygen contentrdeclined to zero (Khatri and
Hoffmann 2006a). Exponential and constant airflates were carried out to control the
specific methanol uptake rate during productiothathigh methanol concentration (3%
v/v) by Khatri and Hoffmann, (2006b). In Potgiettral., (2010), the production of IgG1
in MLFB, MLFB+OLFB and OLFB cultures was exploreg glycoengineeredPichia
pastorisstrain. The maximum of OTR was set at 150 mmbhL in OLFB cultures. No
oxygen restriction was conducted in MLFB. A compias analysis between MLFB
(Hsetpoin=0.008 HY) and OLFB (OTRemoine 30 mmol-L*-h') cultures was presented in

Berdichevsky et al., (2011).

OLFB and MLFB were compared in the previous workgdarms of product titers and
productivities. In case of the production of IgG&imilar product titer was obtained for

three operational modes, but OLFB achieved higb&rmaetric productivity (Potgieter et
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al., 2010). Higher concentration of scFv (>3.5 - were obtained by OLFB strategy
(Khatri and Hoffmann, 2006b). Productivities of mAkere higher for MLFB cultures
because the limiting nutrient (methanol) allowed kg with highery’s (Berdichevsky
et al., 2011). However, the total titer of mAb wagher in OLFB because in OLFB was
not affected by mAb proteolysis degradation, whiclis measured in MLFB cultures.
The total B-glucosidase protein in the medium was lower in @e-B than MLFB
(Charoenrat et al., 2005). Nevertheless, in terfngraduct purity the OLFB presented
better performance. N-glycans composition was 1@igher in OLFB than in MLFB
cultures. The fraction of antibody containing coexpN-glycans was approximately 10%
higher in the oxygen-limited process (Berdichevsityal., 2011). The activity and
specific activity of B-glucosidase was higher in OLFB bioprocess (Chasteet al.,

2005).

In this work, the oxygen transfer capacity of diffiet laboratory scale bioreactors has
been characterized. The oxygen transfer model & lvalidated in heterologous
Rhizopus oryzadipase (ROL) protein production bfichia pastoris under AOX1

promoter in methanol limited fed-batch culture (MB)Fand therefore used to define

alternative operational strategies based on oxligeted fed-batch operations (OLFB).
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5.2. Materials and methods

5.2.1. Strain and inoculum preparation

The wild typeP. pastoris X-33train containing the pPIGAROL vector was used for
heterologous expression Bf oryzadipase (ROL) under control of tHe\ox1 (Cos et al.
2005b). Pre-inocula for bioreactor cultures werewgr in 1 L baffled shake flasks
containing 200 mL of YPD medium (10 g'lyeast extract, 20 g-tpeptone, 20 g1
glucose and 1 mL-t zeocin solution, 100 mg-mt) at 30 °C with shaking at 150 rpm
for 24 h. The cultures were centrifuged at 4500 asgf} harvested cells resuspended in

bioreactor culture medium and used to inoculatétbmeactor.

5.2.2. Equipment

Five different laboratory/pilot plant stirred-tabloreactors: 4LBiostatB, 5L BiostatED
and 50LBiostat UD (B. Braun, Sartorius Biotech, Melsungen, GernpalL and 7L
Biobundle (Applikon Biotechnology, Schiedam, Netherlands)reveused for ka
determination in water at 30°C. Stirring and aeratvas set between 300-1000 rpm and
0.25-3vvm (L air- L liquid"- min™), respectively. Temperature and stirring was adlet
by means of Data Control Unit (DCU). Aeration wamtrolled by thermal mass flow
controller Brooks 5851-E and Brooks 5850-E (Brotkstruments, Hatfield, USA).The
bioreactors configuration is presented in Tablel Bigure 1. Temperature, pQoH and
methanol probes were integrated in each bioreasttup. Dissolved oxygen was
measured by InPro 6800 (Mettler-Toledo Process yaal, Wobur, USA), Oxiferm XL

(Hamilton Bonaduz AG, Bonaduz, Switzerland) or Apphs Low Drift (Applikon
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Biotechnology, Schiedam, Netherlands) polarograpkensors, depending on the

bioreactor system (Table 1).
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Figure 1. Bioreactor scheme.

Table 1 Bioreactor geometric parameters.

Variable Acronym  Units Biostat  Biostat Biostat Biobundle Biobundle
B ED ub 3L 7L
Tank diameter T m 0.16 0.14 0.315 0.125 0.16
Baffles number nb - 4 * 4 3 3
Baffler width Wb m 0.012 - 0.023 0.010 0.016
Rushton impellers Ni - 3 3 3 2 2
Impeller diameter D m 0.063 0.07 0.125 0.045 0.060
Liquid height H m 0.215 0.3 0.685 0.08 0.235
Liquid volume \% L 4 5 5 1 5
Total height Hy m 0.276 0.392 0.964 0.245 0.341
Blade length L m 0.018 0.020 0.040 0.012 0.015
Blade width w m 0.013 0.02 0.025 0.012 0.012
Blade thickness X m 0.0015 0.002 0.003 0.0015 0.0014
Disk diameter Dd m 0.0345 0.045 0.075 0.030 0.040
Disk thickness xd m 0.0015 0.002 0.003 0.0015 0.003
Bottom to 1*
. . C m 0.040 0.070 0.150 0.023 0.075
impeller height
Ratio H/T HIT - 1.3 2.1 2.2 0.6 15
Ratio H/T H./T - 1.7 2.8 3.1 2.0 2.2
Ratio D/T DIT - 0.4 0.50 0.40 0.4 0.4
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5.2.3. Bioreactor cultivation

The cultivation was conducted in a Biobundlebioreactor. Invitrogen’s fermentation
basal salts medium (BSM) [26.7 mLHHsPO;, (85%), 0.93 g-T* CaSQ, 18.2 g-C*
K,SQy, 14.9 g-L* MgSOy 7H,0, 4.13 g-L* KOH and 40 g-L* glycerol], 5 mL-L*
PMT1 salts solution (6.0 g-£ CuSQ-5H,0, 0.08 g-L* Nal, 3.0 g-C* MnSQO;- H,0,
0.2 g-L*NaMoO,- 2H,0, 0.02 g-L*H3B03,0.5 g- L* CoCh, 20.0 g-L*ZnCl, 65.0 g-C

! FesSQ-7H,0, 0.3 g-L* biotin and 5 mL-[* concentrated $80;), 2 mL-L* biotin
solution (200 mg [*) and 0.5 mL.[* antifoam agent A6426 (Sigma—Aldrich, St. Louis,
MO, USA)] were used to prepare 1 L of batch mediurhe biotin and trace salts
solutions were sterilized separately by passageugtr SLGV013SL filters of 0.2Am

pore size (Millipore Corporation, Billerica, MA, 9.

The cultivation conditions were as follows: tempera 30 °C, pH 5.5 (adjusted by
adding 30% (v/v) NEHOH during the batch phase, and 5 M KOH during thadition
and induction phases), dissolved oxygen above 7.th %bure oxygen~ 30 % air

saturation), oxygen-enriched air flow rate 0.5-fin™ and stirring rate 800-1000 rpm

5.2.4. Operational strategies

The fermentation process was divided in three phaghlycerol batch phase (GBP),
transition phase (TP) and methanol induction pl{gH®). The batch phase started with
inoculation of the bioreactor and ended when glylceras depleted as signalled by an
abrupt increase in OGBP was followed by TP, which lasted 5 h, addjhgerol and

methanol co-feeding with decreasing and constaadirfg rates, respectively (Cos et al.
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2005a). Methanol was used as the carbon sourcendnder substrate in the methanol
induction phase (MIP), which was conducted in byingisa pre-programmed
exponentially increasing feeding rate for methdmoited fed-batch culture (MLFB) as

described in Barrigon et al. (2013). The MLFB crdtwas set glset-poin=0.020 ht,

5.2.5. Off-line analysis

Biomass concentration was quantified as dry celghtg DCW) per litre of culture broth.
Pellets and supernatants were separated by ceyatibn at 10000 xg for 1 min, washed,
centrifuged twice in ddpO at 4500 xg for 3 min and dried to constant weaght05 °C.
The relative standard deviation for DCW was abd@t Fhe supernatant was used for
substrate and product determinations. Methanolgiyxerol were determined by HPLC
as described elsewhere (Arnau et al. 2011). Thdualsstandard deviation (RSD) was
estimated about 0.5%. Extracellular lipolytic aityiv was  monitored
spectrophotometrically in 400 mM Tris-HCI + 10mM @abuffer at pH 7.25 at 30 °C,
using the Roche lipase colorimetric kit (Ref. 11822, Roche, Mannheim, Germany) as
described elsewhere (Resina et al. 2004) on a @arnjan 300 spectrophotometer
(Varian Inc., Palo Alto, CA, USA). Measurements genade at 580 nm for 7 min in

triplicate. RSD was estimated as 5%.

5.2.6. Online methanol determination
The methanol concentration was monitored onlin@digg a sensor from Raven Biotech

(Vancouver, BC, Canada) immersed in the culturéhisr@Arnau et al. 2011).
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5.3. Theory and calculation

5.3.1. Experimental k a determination

The ka was experimentally determined by applying the alyic method without
biomass. Dissolved oxygen concentration was medstweing the absorption step by
sterilizable polarographic oxygen probe. The respaof dissolved oxygen electrodes is
usually assumed to follow first-order kinetics. Trnethod to determinewas detailed in
Perez et al., (2006). The evolution of dissolvegigen considering the response time is
described by the following equation:

0; = 0,

0, =0} + 2%
2 2 l_TkLa

<T k,a exp (— ;) —exp(—t kLa)> 9

kLa determination was performed by fitting the m&ad curve to optimal solution of
Eq. (9), which is calculated by the method of mmal least squares (SigmaPlot 11.0,

Regression Wizard, Systat Software, Inc, San J9S8).

5.3.2. Van't Riet’s correlation
The Van't Riet’'s correlation (Eq. 9) was used tea#e the dependence ofakon
operational conditions. Superficial gas rate wdsutated by the following equation:

Q
vs = E;Z (10)

Where, @ is the gas flow rate and T the internal bioreaciameter. In Eq. (5), FAs
related with energy supply to liquid from stirrirgd gas superficial rate is related with
aeration. So, Pcan be calculated from the effective power in aenation conditions

(Po). A procedure to calculatey s the Eqg. (11), which requires to measure follayvi
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variables: Power number g\ Reynolds number (Re), liquid density),(the kind and

number of impellers (Blanch and Clark, 1996; Jehztal., 2004; Amaral et al., 2007).
Po=Np-p-N3-T® (11)

However, the Pcorrection for aeration systems proposed by Hugkn{a980) is one of

the most used equations in bioreactors that fOIfil is between 0.33-0.54 (Blanch and

Clark 1996; Gogate et al., 2000; Amaral et al., 208ill et al., 2007; Fyferlinget al.

2008). In this work, Hughmark’s equation (Eq. 13switilized to calculate the effective

power.

P —0.20 N2T4_ -0.25
—g_010(Q6) — (12)
P, NV gw,V2/3

5.3.3. Mass balance and stoichiometric equations
The reaction involved in the oxidative uptake distmates (glycerol or methanol) to form

biomass and products is described by equation 13:

kS + k,0, - X + k3P + k,CO, (13)
where S denotes substrate (glycerol or methanglpx@gen, X biomass, P product and
CO, carbon dioxide; and k values are stoichiometrieficeents. The mass balance
equations for a fed-batch cultivation process, i@m1g conversion rates of biomass

formation, substrate uptake and product formatian, be formulated by equation 14:

XV [ u 0
as S, }
| | qp |XV+ 0 (14)
ool e Lo
co,Vv dco, —CTR -V
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wherep is the specific growth rate T}, gs the specific substrate uptake rate [§-g",
ge the specific production rate [U7gh™], gozthe specific oxygen uptake rate [mof-¢-
Y, gcozthe specific carbon dioxide production rate [mol-ig'], F the substrate feeding
rate [L-hY, V the volume of broth in the reactor [L],o $he substrate feeding
concentration [g-T], OTR the oxygen transfer rate [mol~ti}] and CTR the carbon

dioxide transfer rate [mol-t:h™Y.

The volume change due to substrate feeding, basaraifoam addition, sampling, water
evaporation and net mass gas flow rate was obtdired the total mass balance.
Substrate and product concentrations were refeiwethe whole medium, including

biomass volume (Barrigon et al. 2013).

5.3.4. Kinetic model for ROL production

Heterologous production d?hizopus oryzaépase (ROL) by &. pastorisPaoxibased
system has been described previously (Barrigoh,2G12 and in the"4chapter)p was
modeled by substrate non-monotonically increasingction (Eq. 15), where the

substrate is the methanol.

_ HUmax S
:u - SZ
KS,X + S+ m

(15)

The linear law, so-called Luedeking—Piret relatlipswas used to model the(&q. 16),

0o2(Eqg. 17) and g(Eg. 18 and 19).
qs = Ygxpt + mg = Y55 u (16)

Goz = Yoz/xtht + Moz = Yo x 1t (17)
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gp=mp S<2g-L71(18)
qp = Yp;xh+mp = Ypx U Sz2g-L7" (19)
whereq; is the i-specific rategmaxi the maximum value of the i-specific rat&s; the i-
substrate non-monotonic increasing model const@ntthe i-substrate inhibition non-
monotonic increasing model constaYib;; the individual yield of componens to i; the
m. the maintenance coefficient of componeptand theYiy; the overall yield

coefficient yield of componentio iy

The stoichiometric, yield and maintenance coeffitsefor ROL production used for
bioprocess modelling were identified in Barrigona#t(2012) and updated in thd' 4
Chapter. In case of the overall oxygen-biomassdyislefficient (Yozx ) the electron

balance were applied to estimated it from the divetdostrate-biomass yield coefficient
(Ysx ) (Xie et al., 2013). Kinetic and stoichiometricetficients are listed in Table 2.

Initial conditions for simulation are shown in Tal3.

Table 2 Kinetic and stoichiometric coefficients usedPinpastorisPaox; (Mut”) fermentation for ROL

production.

Coefficients Units Batch Fed-batch
Substrate - Glycerol Methanol
Himax [h™] 0.260 0.069
Ksx lg-L7] 0.20 0.40
Kix [g-L"] - 8.85
Yo/x [9s o] 1.97 4.21
mg/x [0s ot h] 0.008 0.0142
Youx [mol O, g 2.6-10% 1.9-10
Yeix [U-g7] - 4567
me [U-L™hY - 39.3
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Table 3.Initial conditions used for fed-batch simulations.

Variable Units Batch / Glycerol  Fed-batch / Methand
S [g -1 40 3.0
X [g-LY 0.5 28
\Y; [L] 1.0 1.0

5.3.5. Calculation of specific rates

Discrete and mean specific rates in the inductidrasp were calculated in all
fermentations; also, discrete specific rat@sgsand g for each off-line data [(X\)
(SV) and (PV)] were determined by using the respective massnbalaquations

(Barrigdn et al. 2013).

5.3.6. Statistics indexes
With the aim to evaluate “goodness-of-estimatio”tloe ka estimation,MRE was

calculated as a single metric (Eq. 20).
1" 191 = il
MRE = —ZM (20)
=

wheren is the number of data points for an individual exment, Y, the i" estimated

value, y; the corresponding™ actual value for the bioprocess. Each individual
experimental value of the mass transfer coefficierdter process conditions is calculated

by the oxygen mass balance (Eq. 21).:

do
qo2X + d_tz
kLaexp = 0" —0 (21)
2
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Determination of oxygen solubility (0 in culture medium was calculated using Henry’s
law, using the methodology proposed by Gross et (2P99) for Henry’'s constant

estimation.

5.3.7. Control rules

In case of methanol strategies, the growth ratdirsctly controlled by thei-feed-
forward control in MLFB cultures, and MeOH contridl programmed in MNLFB
cultures. The control laws of both strategies ascdbed in Barrigon et al., (2013). In
the OLFB operation mode, the growth rate is limibgdhe OTR, as follows:

_ kpa(03 — 0,)

; (22)
02/x° X
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5.4. Results and discussion

5.4.1. Response time

The characteristic response time was experimengsligblished from dynamic response
of the probes. The response time constant is defasethe time that the probe takes to
reach 63.2%of its final value when it is exposed to a stepng®in dissolved oxygen
concentration (Van't Riet 1979; Gourich et al., 20Garcia-Ochoa and Gomez, 2009;
Doran, 2013). The Low drift - AppliSens, InPro 680®lettler Toledo, and Oxyferm XL

- Hamiltorn dissolved oxygen probes were used d@termination. The Figure 2 shows
the Low Drift - AppliSens electrode response tothacentration step, from the ratie'O
0, =0 tol. The aim of measuringis to conclude if the response of the electrodes a
enough fast to neglect their response time adetermination. The oxygen mass transfer
coefficient determination becomes inaccurate wheings manifest large (Van't Riet
1979; Gourich et al., 2008; Garcia-Ochoa and Gon28f)9; Doran, 2013). The

characteristic response time of each probe is tegan Table 4.

Table 4. Serilizable polagraphic oxygen probe response times

N° DO Sensor model Length / Diameter [mm] < *sd [s] Bioreactor

1 Low drift - AppliSens 340 /12 15.0 £ 0.5 Biobundle 3L
2 Low drift - AppliSens 430 /12 12.0 £ 0.2 Biobundle 7L
3 InPro 6800 - Mettler Toledo 320/12 15.0 £ 0.3 Biostat B 4L
4 InPro 6800 - Mettler Toledo 80/25 16.4 = 0.3Biostat ED 5L
5 Oxyferm XL - Hamilton 80/25 14.1 £ 0.4 Biostat UD 50L

The tested probes presented a fast respots&2{5s) with differences between

responses of 20%. The electrodes responded fastefam-sterilizable electrodes because
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the response times of commercially steam-sterilezakectrodes are usually in the range
of 10 to 100 s (Gourich et al., 2008; Garcia-Ocaond Gomez, 2009; Doran, 2013). The
measuread values are in agreement with the values predisyetithe manufacturer: 8.5-13
s (Low Drift), <15s (Oxyferm XL), <22.5s (InPro 680 (AppliSens, 2014; Hamilton,
2014; Mettler Toledo, 2014). However, care mustaien into account the time response
from the manufacturer probe specifications; becdlisenanufactures usually report the
time to arrive at 90-99% of the signal. In Bellucehd Hamaker, (2011); of
polarographic probe Oxyferm XL was calculated frime oxygen evolution, provoked
by step decrease in tank pressure. The dissolvgdeaxdrop was of 15 % fot
measurements, obtaining not enough accurate restd@12 s. The result was not in
agreement with the time response constant by theufaeturer. The response time that

the probe takes to arrive at 98% of the signali$@3 s (Hamilton, 2014).

1.0

0.8 1

0.6 1

0,/0,

0.4 1
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0.0 T T T T T
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Figure 2. Dynamic response of the polarographic oxygenerosh2 (Low Drift - Applisens).
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Additionally, there are faster non-autoclavablecgteles with response times of 2to 3 s
that respond more rapidly (Garcia-Ochoa and Go2@29; Doran, 2013). Nevertheless,

non-autoclavable electrodes are not uselesBifidria cultivations.

A criterion for neglecting in k a estimation, for reasonably accurata kalues, is when
k.a™ is higher than 10 So, with our set of probescan be neglected fog &< 0.0067 3.

In other case, the first-order response is inclidded# a determination.

5.4.2. Comparison between the bioreactors’ oxygenansfer capacity (k_a).

In order to characterize the transfer capacity lvé bioreactors used foPichia
cultivations, ka was measured in 4Biostat B, 5L Biostat ED, 50L Biostat UD, 3L
Biobundleand 7LBiobundlebioreactors under the same operational conditi®®8; 500,
700 and 1000 rpm; and aeration 0.25, 0.5, 0.75 =AfGdvvm. The geometry and
bioreactors dimensions are defined in the Tabléhkt. dynamic method was applied for
k,a measurement. The probe time response was applied calculations (Eq. 9). The
k_a results obtained for the 5 bioreactors are iaistl in the Figure 3. Results that

correspond to intermediate aeration (0.5 and Ovig)\are not shown.

The bioreactors showed similar mass transfer behavinder the tested operational
conditions (Figure 3).la could be modified by aeration and stirring. Imegral, ka was
increased by increasing the gas flow or the sgrniate. Stirring increases the fluid

turbulence and it may affect the interfacial bubitea by bubble breakage. Aeration is
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related to superficial gas rate, which is direcity\nected to interfacial area (Blanch and

Clark, 1996; Garcia-Ochoa and Gémez, 2010; Villadsgeal., 2011).

0.14
0.25 vvm Biostat ED
1.00 vwm Biostat ED

0.25 vvm Biostat B

1.00 vvm Biostat B

0.25 vvm Biostat UD
1.00 vvm Biostat UD
0.25 vwm Biobundle 7L !
1.00 vvm Biobundle 7L

0.25 vvm Biobundle 3L
1.00 vvm Biobundle 3L

0.12 +

0.10 +

SOXXHOPP>OO

0.08 ~

_1)

kpa(s
[ ]
KALID Pl H—e<— B

0.06 1 &
s
0.04 - = * i
it
. = i
0.02 - O
% &
0.00 T T T T T
0 200 400 600 800 1000 1200

Stirring (rpm)
Figure 3. Comparison between & values in different operational conditions (baoe correspond to

standard error).

Figure 3 shows that k depends linearly on stirring at high flow ratdewever, linearity
between ka and stirring is not shown in the full stirringesptional range, specifically at
low aeration conditions. Biostat’'s (B, ED, UD) ®actors presented better mass transfer
performance than Biobundle’s, 2 times higher. The best mass transfer capacity wa
shown by Biostat ED (la = 0.12 &; 1000rpm and 1.0 vvm). The poorest mass transfer

capacity was measured in 3L Biobundle’sak 0.01 &, 300 rpm and 0.25 vvm).
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Bioreactor geometry, impeller distribution, liquéchd gas turbulence are the basis for a
good mass transfer capacity (Fujisova et al., 200&itin et al., 2008; Xia et al., 2009;
Villadsen et al., 2011). Differences between geoyneésign (H/T =3.0 in ED/ UD vs.
H+/T =2.0 in Biobundle’s), number of dipped impellers £Rliin ED/ UD vs. Ni=2.0 in
Biobundle’s) and number of bafflers (nb=4 in ED/ WB. nb=3 in Biobundle’s) may be
the reason for large differences in mass transdpadty. If Biobundle’s impeller and
baffler setup were similar to Biostats, theakcould increase. Volumetric mass transfer
coefficient was measured in a pilot-plant bioreagkdr/T ~2.6) with a single-, double-
and triple-impeller setup in Moucha et al., (2009). this case, the triple-impeller
configurations gave the best mass transfer perfocea Oxygen mass transfer
characteristics for various twin and single-impekgstems were also investigated in
Karimi et al.,, (2013). k& enhancement was found depending on the impeller
configuration. So, increasing only the impeller rmén could be improved & in

Biobunddle’s system.

5.4.3. Mass transfer correlation.

The empirical correlation proposed by Van't Riet979) has been studied forak
prediction during fermentations,& can be estimated as a function of the superfyzal
velocity, and the specific power. Equation (5) i#ted to the ka data by least squares
regression. Pg and was calculated under a wide operational range-{3@® rpm; 0.25-
3.0 vwm) in Biostat B, Biostat ED, 3L Biobundle aid Biobundle bioreactors. The

constant and exponents,(k, andp) of the correlation are presented in Table 5.
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Table 5.Coefficients and parameters fqakVan't Riet’s correlation.

Bioreactor Ky a B
Biobundle 7L 5.5 10° 0.61 0.42
Biostat B 1.6 10 0.37 0.31
Biostat ED 8.3 107 0.42 0.70
Biobundle 3L 5.3 10 0.70 0.83

*Data obtained from Ferrer, 2007.

The exponents obtained for each biosystem are mtardance with the literature.

Typical values for exponents are ranged in<@<®.7 and 0.4p<1 (Garcia-Ochoa and

GoOmez, 2009; Villadsen et al., 2011).

0.15
O Biobundle 7L (5L H50) +20%
x Biostat B, 5L (4 L Hy0)
A Biostat ED, 5L (5 L H0)
0.12 { @ Biobundie 3L (1L Hy0) -20%
©  0.09
©
.‘t-l A
e A
o 0 ® X
B 0.06 |
=
0.03 - a
o
0.00 T T T T
0.00 0.03 0.06 0.09 0.12 0.15

Measured k,a (s™)

Figura 4. k_a estimation precision in Biobundle 3L, Biobundle Biostat B and Biostat ED bioreactors.
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Figure 4 shows a linear plot of the experimenta kalues versus the modelled values.
Precision of prediction is about +20% of the meeswent. The range of L&
measurements and prediction (0.01 - 0.13 are in agreement with other systems
(Marques et al., 2009; Moucha et al., 2009; Alba¢lal., 2011). Nonetheless, other
authors reported lower & values in their systems (Liang and Yuan, 2007luBe& and
Hamaker, 2011). Low /a values may be related to more restrictive opmmati

conditions.

Furthermore, some authors have included more Jasgah their mass transfer model,
such as the viscosityf) or the enhancement factor (E), in order to imprthe model
precision (Calik et al., 2010, Albaek et al., 2Q1lh) this work, it is considered that the
proposed ka correlations are accurate enough to be applieRichias bioprocess
modelling. In any case, models should be kept mplsi as possible and only be made

more elaborate when it is required (Villadsen et2011; Levenspiel, 2002).

5.4.4 Mass transfer model validation

MLFB culture was carried out witP. pastorisMut® phenotype at gpoin=0.020 F'
producing heterologous ROL, in order to validate thass transfer model. Figure 5
shows the evolution of the fermentation processnduthe three phases (GBP, TP and
MIP). Biomass, substrate concentration (glycerotl anethanol), dissolved oxygen
concentration (%), lipase activity was displayedFigure 5a. Methanol and dissolved

oxygen concentrations were measured online. Bionghgserol and product activity was
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measured off-line from the sampling and extrapdlatewhole fermentation by splines

(Barrigon et al., 2013).
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Figure 5. a. Evolution of state variables (X, S, Pp)@nd specific rate (1) during MLFB culturb.

Operational conditions (stirring and flow rates)lume and feeding rates. Oxygen rates evolution during

MIP. d. k_a prediction and estimation during MIP.
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Operational conditions: stirring, flow rates, volerand feeding are presented in figure
5b. During the batch phase, biomass grew exporignditatmax, the stirring and the air
flow were kept approximately constant, dissolvedygen decreased exponentially.
During the transition phase, the oxygen consumptias increased by the methanol feed.
Air enriched in oxygen was supplied. Finally, metblawas fed as the sole carbon source
and also the inducer during the MIP. This productohase was carried out by using
MLFB strategy, by a pre-programmed exponentiailyréasing methanol feeding rate at
Mset-poinc0.020 K. The stirring and air flow were increased in oréermaintain the
dissolved oxygen concentration up to 20% of oxysaturation with air (§). Growth
rate was kept fairly constant during the inductiBromass productivity was 1.1 g-DCW
h™, volumetric productivity 1.1-foU-L™*h* and ¢=35 U-g"-h™. These results are in

agreement with the MLFB presented in Barrigon gt(2D13)

The oxygen rates, OUR and OTR were compared dtim@d/IP in Figure 5c. OTR was
calculated from dissolved oxygen measurement andaylying the Van't Riet's
correlation for ka estimation. The mixture of air enriched in oxygeas taken into
account to calculate the,O(Gross et al., 1999). Although & is typically reported in
literature, OTR was studied because OUR may bedbmdimiting rate (Bellucci and
Hamaker, 2011). OUR and OTR presented an evolgjinie similar with low deviations
between them during the induction phase. Howewaegel deviations between them were
found during GBP and TP. The OTR maximal value egsroximately 0.2 mol £ h™.

In the literature, OTRax about 0.05 mol ¢ h' in a batch culture can be found (Bellucci
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and Hamaker, 2011) and 0.16 - 0.18 mdHt! in MLFB fedbatch cultivations oP.

pastoris(Jenzsch et al., 2004, Liang and Yuan, 2007)

Finally, the mass transfer model was tested inréighd. Comparison between ak
experimentally determined, by the mass balance2BY (vith the modelled la, by the

Vant Riet’s correlation (Eq 5) was plotted durihg induction phase.

Table 6.k a determination during the induction phase.

Parameter Units Value

k. a from model 3 0.143+0.023

k.a oxygen mass balance 1s 0.139+0.056
MRE % 154

The ka predicted by the model, provided similarly acteiréo the experimentally
determinate ka, with a mean relative deviation of 15% duringitisuction phase (Table
6). Large errors for la estimation were obtained during the batch anukitian phase
(data not shown). The estimatechkoy oxygen balance during GBP and TP may not be
accurate. Although, dissolved oxygen was not actated and OTR was not required to
achieve OTRax value, OUR was 1.8-times lower than OTR. So, thgyen consumption
model for glycerol substrate was not as preciseeasired. The oxygen model of
glycerol was extrapolated from glycerol limited fedtch (Barrigon et al 2012), so at
high growth rate it may not be precise enough. Hawnethe ka model presented a good
fitting when the system was operated at Q&1 MLFB, showing only few deviations

between model prediction and mass balance estimatio
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5.4.5. Alternative strategies based on oxygen transfer medl

In this section, alternative operational modes (BLstrategies) based on the oxygen
transfer model of the Biobundle 3L bioreactor haeen simulated for the production of
the recombinanRhizopus oryzatipase (ROL) expressed . pastorisMut™ phenotype
expression system under oxygen restrictive constibut without methanol limitation
during the MIP. Two OTR set-points were selectad@aFB simulations: OTRy-point=
0.135 and 0.232 mol-1:h', at MeOHetpoint = 3.0 g-L*. The set-points values were
selected because the maximal oxygen transfer fatesystem is 0.135 mol?Lh* by

air supplying, without enriching the air with puogygen; the OUR value dPichia’s
expressing ROL at the beginning of MIP is 0.232 -idlh* in non-limited conditions:
and MeOH=3.0 g-t is the most productive inductor concentration diowl for this
strain. The OLFB strategies have been comparethgortost representative strategies
based on methanol as the limiting substrate artddes Barrigon et al., (2013): MLFB-

setpoint= 0.015 A" and MLFB-MeOHset.point= 3.0 g- [

The simulations of total biomass (XV), the totabguct (PV),u and ¢ time course are
illustrated for all strategies in Figure 6. Additadly, a summary about the predicted
maximal lipolytic activity, yield, mean specifictes and the volumetric productivities for

MLFB, MNLFB and OLFB strategies are presented ibl&&.
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Figure 6. Simulation ofPichia pastorishioprocess model: state variabléd/(@@ndPV) over the induction time. Time course (@) total biomass an¢b) total
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215



Chaptei5 - Design of alternative operational strategieBithia pastorisMut”™ cultures through the oxygen transfer model

In Figure 6, different evolution patterns of XV, P¥ and @ are predicted during the
MIP for the selected operational modes. For exampl®LFB and MNLFB, where the
methanol is the limiting substrate, | andage constant. In contrast, decreasing profiles
of the specific rates are shown by the OLFBs. Meeeodifferent production levels of
XV and PV are observed. The dissimilarities betw&®&hand PV can be explained by

specific rates profiles.

Table 7. Comparison of process variables, yields, produéti and specific rates using different

operational strategies during the induction phag&ichia pastoriscultures expressing ROL.

. Volumetric
. Fermentation PV % pe e’ wue
Stategy SO imetn] U -gl WY egied PR
MNLFB 'V'e[OHL_f] 3.0 46.1 2810 5619 0.047 253.4 5255
g.
ol QTR =0.232 60.8 3110 4090 0.029 172.8 4556
[mol- L™ h-]
ol OTR=0.135 91.8 3810 954 0.015 109.0 3599
[mol-L™-h-]
MLFB P Thc.)l']ms 91.6 1510 4942 0.015 39.3 769

@ Estimated during the MIP.

® Estimated during all fermentation.

In Figure 6a, the biomass formation time courseladted for all strategies. The stop
condition in the simulated fermentations was thatlhiomass concentration (X) reached
60 g-L*, which correspond to 75-80 g of total biomass (XWe biomass production is
related to the growth rate. MNLFB strategy is thertest strategy with the highestdd,
(Table 7). On the other hand, the MLFB and OLFB-QZR0.135 mol-[*h*

operational modes are shown as the longest steate@® h to achieve the stop condition,
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with the lowest phean values (0.015 ). OLFB-OTRy4=0.232 mol-[*-h* reveals a
Hmea=0.029 K'. The MNLFB is about 2-times faster than MLFB ahd slow OLFB, and
about 1.3-times than the fast OLFB, refereed téeathentation time (Table 7). Although
a constant p is characterized in MLFB and MNLFBund@ls, OLFB strategies describe -
decreasing profiles, where the.,4d is shown at MIP initial time (Figure 6c). The p-
decreasing profiles are explained by Eq. 22, bec @R keeps constant during all MIP

and the biomass is in continuous proliferation.

A prediction of product evolution is presented &lirstrategies in Figure 6b. The model
predicts that the ROL production level with thetés$ strategy (MNLFB) is about
3.8:1G U. In contrast to biomass profiles, the OLFBstsgis predict higher product
titers than MNLFB and MLFB. Slow OLFB increases ttwtal production 1.4-fold
related to MNLFB and the fast OLFB 1.1-fold to MNBRFON the other hand, the ranking
of operational strategies in terms @fig shown in Figure 6d, where MNNLB is the best
strategy (@mear 253.4 U-g-h'), MLFB reveals a low production ratep(fear 39.3
U-g"h') and OLFBs intermediatepyalues (@ mear 172.8 and 109.0 U7gh"). The
MNLFB and OLFBs strategies were designed with residnethanol concentration
above 2 g-L, so, p-lineal dependence is assumed p{Eg. 19). So, OLFB strategies
describe gdecreasing profiles due to the linear relationtite p-decreasing profiles.
Additionally, ¢ linear dependence tois the reason that the OLFB reaches high product
titers than MNLFB. The maximal of global producel (Yp/x*) is obtained at lowu,

whenever the Lueddeking-Piret relationship candresicered (Eqg. 19). Thus, in MLFB,
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when the production is assumed that is not coufdegrowth (Eq 18), a basal specific

production rate and also a low production levelbgined.

In terms of volumetric productivity, the MNLFB stegy is shown as the most productive
(Table 7). The shortest fermentation time and sifllOL production level as OLFB are
the main reasons for the highest volumetric pradiigt On the contrary, the longer
fermentation time and the lower production levdl$ibFB results in a low volumetric
productivity. The productivities of OLFB are in cmrdance to the specific rates. In this

way, the higher the OTR, the higher productivitpltained.
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5.5. Conclusions

k_a was measured in Biostat B, Biostat ED, Biostat Bdbundle 3L and Biobundle 7L
bioreactors with a polarographic probes by the dynamethod. The tested probes
presented fast responses 2-16s) for steam-sterilizable electrodes. Biot@acoxygen
transfer capacity was measured, and kla modelled Man’t Riet's correlation type
within the range 0.01-0.14"s Biostat’s bioreactors showed a better oxygensfen

capacity than Biobundle’s.

The Biobundle 3L bioreactor was used irP&hia’s fermentation to validate the &
correlation. Error of ka estimates (MRE) was about 15% during the indogtizase. So,

the ka model was considered accurate enough to usetoitation.

Finally, different operational modes were simulated predict the levels of ROL
production inP. pastorisfermentation. The oxygen transfer model was usedefme
OLFB strategies. The OLFB cultures show good biopss performance and represent a
great alternative to the carbon source limitingatsigies. The longest OLFB strategy
shows better results than MFLB, higher productdyseid higher volumetric productivity.
Although the higher OTR condition for OLFB opergtimode enhances the bioprocess
yields respect to the other OLFB and MLFB, the dation predicts that MNLFB
operational mode presents the best bioprocess rpafwe. The OLFB simulations
predict a production and productivity enhancenmenbhe OLFB cultures at higher OTR.
However, a high increase of OTR may provoke a chasfghe limiting substrate from

oxygen to methanol, converting the OLFB in a MNL§iategy.
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6. Conclusions

The heterologous ROL production fh pastorisPaox: (Mut®) fed-batch cultures has
been studied for bioprocess monitoring and conkoletic modelling, design and

development of operational strategies.

First, the estimation of the state variables, biesnéX) and substrate (S), and the
specific growth rate (1) have been evaluated feerbéogous protein production B
pastoris cultures by two non-linear observefdLOBE and AO-SODE)and a linear

estimator RLS-VFH.

Simulation results obtained for thNOBE’sshow adequate global performance, but it
has been established as the most tuning sensitetleooh being rather dependent on
their tuning parameters and initial values. Consetjy, errors on model coefficients
may produce inaccurate results in estimationppfand amplified onX and S

estimation.

Thep has been correctly estimated by applying the asytiepobserversAO), as well

as recursive least squar®L methods. AO-SODE estimator shows a better
estimation performance than tHRLS-VFF methods, concretely, when rapid and
moderate changes pfappear because model parameters are well knowthelsther
hand, when slow changes on the specific growth asgepresented in the bioprocess,
RLS-VFFcomes up as the best option, due to its reducgaireanents. In addition,

biomass and substrate are also satisfactorily giestliwvith both methods.

228



Chapter 6 - Conclusions

The most efficient method to estimate thand the state variable of system is At
SODE (Q, OUR) The presented estimation methodology can be tmerkal-time

monitoring of the key fermentation variables.

The MLFB and MNLFB operational strategies have beancessfully applied for
ROL production in thd®. pastoriscell factory. MLFB is one of the easiest fed-batch
strategies to be implemented from an operatiordistrial point of view. However,
low ROL total lipolytic activity obtained leads ue reject this approach. In the
MNFB, it has been observed that the methanol cdratéon is as key parameter to
maximize protein production. MNLFB operation at stamt methanol concentration

higher than 2 g-L is necessary to maximize ROL production

Highest total ROL production, pf, global volumetric and specific productivity, g
and productivities has been obtained at methanutertration set-point of 3 gLin
MNLFB culture. Lower methanol concentrations, utg- L, results in low product
accumulation, whereas at higher methanol concémrégsted (10 g-1t) than 6 g-[*

significant inhibition on growth is observed.

Heterologous ROL production byR pastorisPaoxibased system can be accurately
described with a macrokinetic model. Two differanbdels has been evaluated.
Although the two models describe specific ratehwgiteat accuracy, the model that
uses a non-monotonic substrate function for growtt;s model for substrate uptake
and Luedeking-Piret equation for protein productmerforms better in an overall

validation for the entire operational range.
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A comparative analysis of different target protgioduction byP. pastorisunder
AOX1 promoter reveales: protein production has a diedffgct on growth and the
typical non-monotonic nature of growth kinetics usually shown; a lineagst
behaviour; and production differed significantly teeen proteins but often a
proportionally decreasing relationship betweprandp is observed. So, these results
imply that yields and productivities can be maxietizatu where thege is not
maximal. Usually, maximum vyields and productivitedl be obtained at methanol

concentration range 2-4 g*landu about 0.02-0.06h

kia has been measured in Biostat B, Biostat ED, &iodD, Biobundle 3L and
Biobundle 7L bioreactors with a polarographic phbey the dynamic method.
Moreover, ka has been modelled by a van Riet’s correlationvatidated to apply in

Pichia’s fermentation.

The oxygen transfer model has been used to defideBGstrategies. The MLFB,
MNLFB and OLFB operational modes has been simuléategredict the levels of
ROL production in P. pastoris fermentation. The OLFB cultures show good
bioprocess performance and represent a great atitegrto the carbon source limiting
strategies. Although the OLFB operating mode endsitice bioprocess yields respect
to MLFB, the simulation predicts that MNLFB opecatal mode presents the best

bioprocess performance.
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7. Annex

7.1. M ass balance assumptions

The bioprocess described in all chapters is basdtiereaction involved in the oxidative
uptake of substrates (glycerol, methanol or sobbitoform biomass and products in the
liquid phase. Equations for cell growth (1); prat@roduction (2) and maintenance (3)

can be stated as:
kS + k,0, =5 X + k;C0, (1)
K,S + ks 0y = ksP + keCO, (2)
S +k,0, 3 kgCO, (3)
whereX, S O,, CO,, andP represent biomass, substrate, dissolved oxygesplded
carbon dioxide and product respectively (in theusggthe same symbols are used to

represent component concentrationsy; rp, rm are the reaction rate§; are the yield

(stoichiometric) coefficients.

The volume variation can be obtained by the totassnbalance for an ideal stirred tank
reactor in fed-batch operation, as follows:

d_V _ pFeedF - pHZOFEvap + pBaseFBase - pBrothFO + MGAS
dt PBroth

4)

where V is the volume of broth in the reactor [E]the volumetric feeding rate [L*h
Fevap the water evaporation rate [I*Jp Fgase the base feeding rate [L'h Fo the

withdrawal rate [L-H], Mgas net mass gas flow rate [§Hh prees SUbstrate feed density
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[9-L™Y, przo water density [g-1], pease base density [g-1], peron mean broth density
[g-L"]. The net mass gas flow rate is calculated witheuation (5):

Mgas = Wy, OUR — Wep, CPR (5)
where OUR is the oxygen uptake rate [md];ICPR carbon dioxide production rate

[mol- Y, Wo, oxygen molar mass [g- M| Wco, carbon dioxide molar mass [g- rifpl

The corresponding dynamic model can be represestéallows:

XV 1 0 0 0

S| PVf=[ 0 1 o fla|xvel o | (6)
0V [_kz —ks  —ky|ldm [OTR-VJ
COZV k3 k6 _k8 _CTR ¢ V

where$§ is the substrate concentration in the fa@@R is the oxygen transfer rate from

gas to liquid phase ar@TR is the carbon dioxide transfer rate from liquidyas phase.

The first assumption is to consider a single oVeeaction, a so-called Black Box model,
for the oxidative uptake of substrates to form agsand products as it is illustrated by

the following equation:

kiS + k30, » X + k3P + k3CO, (7)
where S denotes one single limiting substrate (glyceroheathanol) as the carbon and
energy source), £oxygen,X biomassP product and C@carbon dioxide; ankl’; values

are stoichiometric coefficients that can also Heedaverall i-biomass yieldsY{i).
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So, the mass balance equations for an ideal stiar@ddreactor in a fed-batch cultivation
process, considering conversion rates of biomassdion, substrate and oxygen uptake,

product and carbon dioxide formation, can be foated:

XV i [ 0 'l
al sv ds F-S,
5| PV |=[ 9 [xvH] 0 (8)
Yo,V do, OTR-V
lco,vl  laco,] _CTR-V

wherep is the specific growth rate T}, gs the specific substrate uptake rate [§-g",
e the specific production rate [Ugh™], goz the specific oxygen uptake rate [mof-g
h™, qcoz the specific carbon dioxide production rate [mol-lg'], F the substrate
feeding rate [L-], V the volume of broth in the reactor [L], $1e substrate feeding
concentration [g-T'], OTR the oxygen transfer rate [mol-*li}] and CTR the carbon

dioxide transfer rate [mol-t:h™Y.

The Eq. 4 and Eq. 8 can be used to simulate the éwolution of the state variables.
However, the withdrawal of components (X, S, B,a&d CQ) should be taken into

account for the reconstruction of the state fronegperimental data set and to validate
the model (Eq. 9). In other case, neglecting thladvawal of the components would be

an approximation of the model.

XV it —Fo-X
d|[sv]| |[qs]| |[ F-So—Fo-S ]I
—| PV |=| ar |XV+ —Fp P 9)
dt[ova lqon OTR -V — Fg - 0,

co,vl Lldco, —CTR-V — Fq - CO,
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Furthermore, the mass balance equations can beededilso in individual variables (or

concentration), instead of using global variableg. ), as follows:

X X 0 ]
d 1§ — L{ |l§ v (F/vg-so (10)
dt 02 qoz 02 vode OTR

lco,] laco,! 0, —CTR

Finally, in case the dV/dt term can be approximateH, equation (10) will take the form

of equation (11) including the dilution term D= E/V

sl el [s] [os)
—P=QPX—DP+|O|(11)
Co,1  ldco, CO, l_crr!

The mass balance equations used in Chapter 2, &@ha@nd Chapter 4 are based on

equation (11) and in Chapter 5 on equation (8).
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