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Abstract: Health and safety concerns, enhanced quality criteria, and environmental sustainability, have prompt-
ed investigations into production using recombinant yeasts as a feasible alternative for isolation of proteins 
from natural animal or plant sources, as well as for processes utilising either mammalian cell cultures or bacte-
rial systems. An overview of recent research papers and review articles provides readers with a comprehensive 
insight into the field of next-generation yeast expression systems. Major breakthroughs in recombinant yeast 
technology linked to Pichia pastoris are (i) the public availability of tools to generate proteins with tailored and 
highly homogenous N-glycan structures, similar to the forms assembled in humans, (ii) the recent accomplish-
ment of the annotation of its genome sequence, and finally, (iii) the presence of the first few (non-glycosylated) 
therapeutic proteins in Pichia on the market. The P. pastoris expression platform is now well developed, as 
proven by multiple products used in human and veterinary medicine and in industry (e.g. enzymes for chemi-
cal synthesis and for the modification/synthesis of pharmaceuticals, drug target proteins used for structural 
analysis or for high throughput screening, proteins for diagnostics, proteinous biomaterials, vaccines, and 
therapeutic proteins). Nevertheless, the complexity of protein analysis (monitoring) continues to restrict proc-
ess development for recombinant products. Drawing on combined expertise in molecular biology and process 
technology, the Institute of Biotechnology (IBT) at the Zurich University of Applied Science (ZHAW) and its in-
ternational partners have developed solutions which (i) fully eliminate (or partially reduce) the use of methanol, 
which is undesirable in high-cell-density and high-productivity processes, (ii) match both strain construction 
and process design with the target protein characteristics to the benefit of the cells’ physiological shape, and 
(iii) allow multi-gene expressions to be balanced to achieve custom tailored and reproducible protein quality 
at the level of (engineered) posttranslational modifications. In addition to enabling superior product quality 
specifications to be achieved with reduced development time, these innovations have helped the industries 
involved to minimise financial risks and the risk of failure, as well as create an opportunity for (new) drugs with 
improved functionality at low cost.

Keywords: Green chemistry · Pichia pastoris expression platform · Recombinant enzymes · 
Tailored and engineered glycosylation · Therapeutic proteins

1. Why Use Pichia for New 
Biologicals and Biocatalysts?

Fundamental knowledge on next-genera-
tion yeast systems was gained primarily 
during the development of high-produc-
tivity bioprocesses for the manufacture 
of novel and/or improved protein drugs 
and follow-on products, in particular for 
high-value blockbusters like erythropoi-

etin and various monoclonal antibody 
therapeutics (e.g. refs [1–9]). Yeasts 
combine the advantages of a eukaryotic 
expression system with those of a bacte-
rial one.[10–12] The facultative methanol-
utilising yeast Pichia pastoris, is now 
well developed as an expression plat-
form and can be used to produce func-
tional proteins which incorporate all the 
required posttranslational modifications 
(e.g. disulfide bonds, glycosylation)[13] 
and which are secreted as the main solu-
ble protein outside the cell into a simple 
mineral media at concentrations (titres) 
of several grams per liter (Table 1, Fig. 
1 and 2).[14]

The properties of many proteins (e.g. 
folding, stability, trafficking, immunogenic-
ity, and functionality) are strongly linked 
to the composition of the carbohydrate 
structures (glycans) attached to them.[33–35] 
Similarly to the established mammalian cell 
lines, glyco-engineered Pichia cells yield 
glyco-patterns close to human ones but not 
completely identical.[4,5,19] Moreover, the 

novel Pichia strains with eliminated yeast-
specific and introduced heterologous genes 
(4 and as many as 14 respectively) allow 
glycosylation to be controlled and hence 
produce a more homogeneous product than 
the heterogeneous mixtures of glycoforms 
found naturally in mammals or the derived 
cell lines.[36] Accordingly, the latest research 
results suggest Pichia yeast might be used 
in future instead of higher eukaryotes,[3] 
such as insect and mammalian cell cultures, 
in the production of (human) proteins used 
for structural or pharmacological studies, 
diagnostics or therapy.

In turn the extensive research on bio-
logicals has also enabled development 
of lower-value recombinant proteins/
enzymes for applications in prepara-
tive chemical synthesis (e.g. ref. [37]). 
Unlike the biologicals field with a few 
products, the chemistry market consists 
of a broad variety of products. To effi-
ciently cope with this inherently broad 
product versatility, appropriate platform 
technologies utilising microorganisms 
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were sought.[38,39] Currently, P.  pastoris 
represents a viable alternative to E. coli, 
S. cerevisiae or filamentous fungi prima-
rily used in the manufacture of industrial 
enzymes or the biosynthesis of peptides. 
Within the global chemistry market, the 
proportion of products that were manu-
factured using biotechnological methods 
(biotransformation or in vivo biosynthe-
sis), represented sales of US$ 50 billion in 
2008. The proportion of these products is 
expected to increase significantly to 20% 
of the total chemistry market in 2020, the 
total value of which is then predicted to be 
equivalent to sales of approximately US$ 
800 billion.[40]

Biotransformation, a method either us-
ing isolated enzymes or whole microbial 
cells to modify chemicals in reactions cata-
lysed by specific enzymes, has been widely 
acknowledged as a feasible approach for 
achieving sustainable, ‘green’ chemistry as 
an established industrial practice.[41–44] In 
addition to the superior conversion selec-
tivity (including enantioselectivity),[45] the 
specific benefits of biotransformation com-
pared to conventional chemical synthesis 
are the practicability of the reaction occur-
ring in just a few steps and its environmen-
tal suitability. Most of the biotransforma-
tion processes accomplished on an industri-
al scale with (whole) cells are still catalysed 
by the microorganisms from which the 
enzymes of interest originate.[38] However, 
the demand is increasing for (i) improved 
biocatalysts suited to specific chemical 
reactions and physical conditions,[46–49] 
and for (ii) pharma-grade enzymes of 
superior purity which are free of animal-
derived infectious agents unlike to those 
isolated from animal or plant materials.[50] 
This trend is prompting the development of 
recombinant DNA technologies designed 
specifically for the economically attractive 
manufacture of biocatalysts.[37,38,50–52]

2. One Goal – Plenty of Alternative 
Approaches

The development of the Pichia expres-
sion system over the last 40 years, which 
has matured with the commercially avail-
able expression kits by Invitrogen,[53] has 
been crucial for the wide-spread adoption 
of this system.[13,54,55] The knowledge now 
available (as well as appropriate methods 
and tools), allows a choice to be made be-
tween several generic approaches which 
might accelerate the development of an 
appropriate process strategy. These ap-
proaches are applicable to particular prod-
uct families, requiring only minimal spe-
cific adaptation on a protein-by-protein 
basis and, thus, without the need for entire 
de novo development.

Table 1. Highlighted features of Pichia technology

Features of Pichia technology referencea

– recombinant proteins with N-glycosylation patterns similar to human [4,15–19]

– secreted product as the main soluble protein in simple mineral media [13,20]

– commercially available expression kits [21,22]

– annotated genome sequence [23–27]

– strong promoter (PAOX1) inducible by methanol [13]

– �synthetic promoters for fine tuned, both methanol-induced or methanol-free 
gene expression 

[28]

– high-throughput protocols for efficient clone screening [29]

– more than 10 g liter–1 of (soluble) protein [30]

– rapid biomass growth up to cell densities of over 200 g l–1 [31] 

– �more than 1 g liter–1 of monoclonal antibody with tailored, >90% uniform 
N-glycosylation in 6–7 days

[3]

– first Pichia product approved by FDA and several products in non-ICH markets [32]
aselected examples

Fig. 1. Biomass and product concentrations in high-productivity fedbatch culture. Top: The fedbatch 
processes comprise three phases divided by vertical dashed lines: (i) biomass growth in the batch 
started at –26 h and (ii) fedbatch started at –14 h and continued by (iii) a production phase in the 
fedbatch mode, which began at 0 h. Two products and process strategies with P. pastoris are 
shown: (1) formation of horseradish peroxidase (after biomass growth with glucose) by reducing 
glucose addition to a low constant rate in a 14-litre bioreactor[28] (open symbols) and (2) formation 
of lipase B from Candida antarctica (after biomass growth with glycerol) by exponential addition 
of methanol, in a 50-liter bioreactor (closed symbols). Middle: Data of protein analysis for the 
lipase process (LabChip 90, Caliper Life Sciences, Hopkinton MA, USA). Bottom: Samples after 
centrifugation for 5 min at 14,000 rpm to separate biomass and culture supernatant.
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2.1 You Get what you Screen for
The Pichia system has benefited from 

molecular genetic tools, which were pri-
marily developed for S.  cerevisiae, in-
cluding the alpha-mating factor secretion 
signal. The technology of homologous 
recombination, commonly used with 
Pichia for heterologous gene expres-
sion,[29] results in multiple clones which 
vary in expression/production properties. 
Accordingly, the appropriateness and ef-
ficiency of the applied screening method 
determines the success of the selection of 
those few clones which most efficiently 
produce the target protein (Fig. 3[29]). 
The laborious screening of thousands 
of clones becomes even more complex 

when desired posttranslational modifi-
cations are targeted, which result from 
multi-gene expression (e.g. glycosyla-
tion, 3D-protein structure).[6] Currently, 
several specialised service providers have 
established high-throughput technologies 
that enable the best-performing strains 
to be selected from micro- to bioreactor-
scales (e.g. ref. [29]). The engineering of 
new protein sequences by mutagenesis 
and subsequent screening is still less time 
consuming in prokaryotic systems due to 
the ease of transformation of the plasmid 
into the cytoplasm of the cell. Neverthe-
less, advanced cloning procedures and 
vectors for Pichia are steadily improving 
and reducing the workload.[56]

2.2 Moving beyond Standard 
Cultivation Protocols 

Commercially available expression 
kits (i.e. from Invitrogen[53] and the Glyco 
Switch technology[15]), provide scientists 
with many necessary tools and ready-to-
use recipes (i.e. including media compo-
sitions, process control strategies, etc.) 
to produce heterologous proteins with P. 
pastoris (e.g. ref. [57]). However, the us-
ers might mistakenly be led to believe that 
cloning and producing proteins with Pichia 
at any scale is guaranteed to be a success.

When developing recombinant prod-
ucts, it is common practice to carry out 
strain construction before making any 
decisions concerning cultivation in a bio-
reactor or downstream processing. Thus, 
any problems arising during process de-
velopment are often solved by technologi-
cal (bioprocessing) means rather than by 
revising the strategy for strain design and/
or host selection.

Generally, classical cultivation and 
downstream techniques apply for Pichia 
protein production and purification.[58] The 
typical cultivation process (Fig. 1) is based 
on a three-stage culture with a batch and 
subsequent fedbatch phases with glycerol 
for biomass growth followed by a produc-
tion phase in fedbatch mode with methanol. 
The advantages of the strong and tightly 
regulated PAOX1 promoter, which have re-
sulted in the wide application of the Pichia 
system in academic research laboratories, 
have also proven to be a major obstacle to its 
implementation at industrial scale. The high 
demand for oxygen and the associated heat 
evolution, in addition to the potential flam-
mability and explosiveness of the methanol 
used to induce the PAOX1, pose solvable 
challenges to process development at large 
scale with high-cell-density cultures.[58,59] 
In principle, the obstacles related to the use 
of methanol can be overcome by replacing 
a portion of the undesired methanol with 
a complementary substrate (i.e. glucose, 
glycerol, sorbitol),[60–65] by using a differ-
ent type of promoter (Table 2) or by bio-
reactor improvements. However, numerous 
manufacturers of industrial proteins have 
successfully implemented Pichia processes 
with methanol culture columns higher than 
10 m3.[73] Although, the constitutive PGAP 
promoter is used with glucose (methanol-
free),[69,74] such a constitutive expression is 
not suited to toxic proteins that impair the 
cells’ physiology. Therefore, the synthetic 
promoters (Table 2, Fig. 1), which have re-
cently become available,[28] combining the 
advantages of inducible product formation 
and methanol-free cultivation with glycerol 
(or glucose), promise to facilitate the indus-
trial implementation of Pichia processes.

Cell physiology, influenced by molecu-
lar design of the strain and the growth and 
cultivation conditions, has been crucial for 
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Fig. 2. Separation and identification of a glycosylated product. Samples from a high-cell-density 
fedbatch process containing glycosylated murine granulocyte-macrophage colony-stimulating 
factor (rmGM-CSF) were analysed by chip-based capillary gel-electrophoresis (LabChip 90, 
Caliper Life Sciences, Hopkinton MA, USA). The native samples of culture supernatant (i.e. non-
purified) were analysed directly and after deglycosylation by 24 h at 37 °C treatment with endo-
glycosidase H (Endo H, EC 3.2.1.96, 29 kDa). The data are presented in gel-like format (left) and 
as an electropherogram of the sample taken at 16 h of production time (right).
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Fig. 3. Possible approaches for product identification and quantification. The extent of the 
analysis of a proteinous product is determined by the (research) question that needs to be 
answered and can vary from a cursory analysis to analyses confirming specific activity and 
structure. (All abbreviations are explained in the Nomenclature section.)
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achieving both the desired product quantity 
and quality.[58,75,76] For example, impaired 
cell vitality has been observed to be the 
result of the combined effects of produc-
tion of recombinant protein, low pH, and 
high-cell-density.[72] Low pH values (≤4) 
are commonly applied to counteract prote-
olysis.[13,77] Many attempts at quantitative 
assessment of the physiology of individual 
cells have been made in recent bioprocess 
developments.[72,78–80] However, only by 
knowing the number of (vital) cells that 
express the target molecule at the highest 
possible rate, can the number of these cells 
within the entire population be maximized 
and the proportion of dead cells undergo-
ing lysis be kept to a minimum. Hence, the 
common concept that extracellular metha-
nol concentration is the main, crucial fac-
tor for toxicity and impaired cell physi-
ology during methanol induced protein 
production is questioned.[72,81] In fact, pre-
vious exposure of the cell to methanol,[62] 
or the exposure time combined with other 
environmental conditions has a more sig-
nificant effect on cell physiology than the 

methanol concentration outside the cells.[72] 
Moreover, for production strategies with 
the AOX1 promoter, residual (extracellu-
lar) methanol concentrations ranging from 
1 to 5 g liter–1 were beneficial for induction 
and expression.[58,59,81–84]

Besides the cellular production system 
and the recombinant production clone, 
culture conditions also strongly affect the 
protein glycosylation patterns and, thus, 
introduce considerable heterogeneity into 
the mature protein.[8,76,85–89]

2.3 Beneficial Cooperation be-
tween Biological, Chemical and 
Engineering Disciplines

Any sustainable success in exploit-
ing the recombinant P.  pastoris system 
for research or manufacturing purposes is 
primarily determined through an appro-
priate application of a cross-disciplinary 
know-how in molecular biology, analyti-
cal and synthetic chemistry, and process 
engineering. Thus, matching the molecular 
strain construction and the design of high-
cell-density cultivation strategy with the 

characteristics of the target protein has the 
potential to significantly enhance bioproc-
ess performance, robustness and reproduc-
ibility,[72] in terms of scalable titres, gram 
per litre and hour productivity, and tailored 
product quality. The greatest benefit from 
using Pichia is achieved when it is, as is 
typical, utilised to secrete a correctly fold-
ed protein into chemically defined media 
free of other proteins (Fig. 2). Moreover, in 
the case of glycoproteins made by glycol-
engineered Pichia, highly homogenous 
glycosylation patterns are achieved. Thus, 
the P. pastoris yeast is an emerging, pre-
ferred expression and production system 
to both facilitate and simplify the target 
protein capture within its purification (e.g. 
refs [90,91]).

The complexity of protein analysis 
(and monitoring), however, continues to 
restrict process development for recom-
binant products (Fig. 3). The availability 
of reliable, quick and affordable quantifi-
cation methods for determination of the 
functional form, as well as that of all the 
undesired variants of complex proteinous 
products, is of crucial relevance in the ra-
tional development and optimisation of 
both the molecular design of the strain 
and the cultivation process. Such methods 
permit the concentrations of several prod-
uct variants to be determined at various 
time points within a process. This infor-
mation, when combined with the kinetics 
and stoichiometry of product formation, 
can be used to assess how the physiologi-
cal state of Pichia is affected by culture 
conditions.[72,76]

The expertise available from the IBT 
at ZHAW creates an effective bridge (as 
illustrated in Fig. 4) between product de-
velopers from SMEs or university institu-
tions and product manufacturers (CMOs) 
by identifying the essential properties of 
newly developed strains in real produc-
tion processes. Thus, relevant informa-
tion can be provided to the developers in 
a timely manner. The strain developers 
benefit through simultaneously (i) acquir-
ing a deeper insight into strain behaviour 
at production scale and (ii) utilising the 
information immediately in their ongoing 
development programmes. IBT effectively 
facilitates the transfer of the optimised pro-
duction process technology to large-scale 
producers (CMOs). Such cooperation pro-
vides considerable strategic advantages to 
SMEs in terms of the reduction of total de-
velopment costs, accelerated product de-
velopment, and the elimination of mistakes 
in the early phases of product development 
and costly engineering adjustments, which 
can occur in the later stages of develop-
ment.

Table 2. Comparison of promoters used for production of heterologous proteins in P. pastoris in 
carbon-limited cultures with continuous addition of a substrate.
The research groups which first introduced the particular promoters are included as references. 
(All abbreviations are explained in the Nomenclature section.)

promoter substrate expression induction researcher/reference

PAOX1 methanola inducible carbon source (methanol) [66–68]

synthetic glycerolb 
(or glucose)

inducible carbon flux
‘derepression’

[28]

PGAP glucosec 
(or glycerol)

constitutived none [69] 

aaddition of methanol is essential for product formation, but the latter continues unaffected 
even when > 60% of methanol is replaced with another carbon substrate;[62,70–72] bregulation is 
based on a repression-derepression principle with glucose or glycerol as the only substrates 
utilised;[28] cpromoter activity in cells grown with glycerol or methanol is approximately 60% 
and 30% respectively of the level observed for glucose;[69] dgene expression levels and product 
formation are uncontrollable.

CMO

cultivation product

SME
drug discovery & molecular biology cGMP manufacturing

cultivation

registration & marketingproduct idea

organism

technology transfer

IBT

Fig. 4. Reinforced modes of collaboration in process development. By providing an effective 
interface between product developers and (custom) manufacturers, the Institute of Biotechnology 
at ZHAW facilitates the transfer of information and technology. The benefit of such an approach, 
as illustrated in this schema, is that the detailed physiology and process knowledge can be 
introduced at an early stage of development of the recombinant strain, and the technology 
developed can be efficiently transferred to the contract manufacturer. (All abbreviations are 
explained in the Nomenclature section.)
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3. Conclusions and Outlook

The beneficial features of the Pichia 
system hold the promise of further suc-
cess for this microbial host, beyond the first 
products that have recently been approved 
by the regulatory authorities (e.g. refs 
[32,92,93]), allowing large-scale biotech-
nological production at acceptable costs. 
The main features of the next-generation 
Pichia system are summarised in Table 1. 
In particular, the following factors will act 
as triggers and drivers in establishing next-
generation yeast systems (including Pichia) 
in biotechnological manufacturing:
(i) 	 due to successful engineering of the 

N-glycan pathway, novel pharmaco-
logical properties can be introduced 
(e.g. ref. [18]);

(ii) 	 several patents for blockbuster drugs, 
produced at high cost using mamma-
lian cells, have recently expired, or 
are soon to expire (e.g. erythropoi-
etin, EPO),[4] thus, paving the way for 
follow-on biologicals;

(iii)	 particular proteins/peptides are ex-
tremely difficult to produce in estab-
lished systems, thus alternatives are 
being sought (e.g. ref. [44]);

(iv)	 continuing demand for chiral build-
ing blocks and enantiomerically pure 
compounds increases the demand for 
the (designed) biocatalysts used in 
their manufacture;[44]

(v)	 to efficiently perform complex bio-
chemical reactions whole-cell bio-
catalysis with tailored recombinant 
organisms is favoured;[38,47]

(vi) 	amassing innovative intellectual prop-
erty is expected to be coupled with con-
siderable, new royalty revenues; and

(vii)	current US and European government 
policy is forcing a reduction in costs 
in their health systems, while simulta-
neously allowing access to new medi-
cines for patients and maintaining the 
safety of new products.
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