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Abstract 
Yeast surface display (YSD) has been shown to represent a powerful tool in the field of antibody discovery and engineering as 
well as for selection of high producer clones. However, YSD is predominantly applied in Saccharomyces cerevisiae, whereas 
expression of heterologous proteins is generally favored in the non-canonical yeast Pichia pastoris (Komagataella phaffii). 
Establishment of surface display in P. pastoris would therefore enable antibody selection and expression in a single host. Here 
we describe the generation of a Pichia surface display (PSD) system based on antibody expression from episomal plasmids. 
By screening a diverse set of expression vectors using Design of Experiments (DoE), the effect of different genetic elements 
on the surface expression of antibody fragments was analyzed. Among the tested genetic elements, we found that the com-
bination of P. pastoris formaldehyde dehydrogenase (FLD1) promoter, S. cerevisiae invertase 2 signal peptide (SUC2), and 
α-agglutinin cell wall protein (SAG1) including an autonomously replicating sequence of Kluyveromyces lactis (panARS) 
were contributing most strongly to higher display levels of three tested antibody fragments. Employing this combination 
resulted in the display of antibody fragments for up to 25% of cells. Despite significantly reduced expression levels in PSD 
compared to well-established YSD in S. cerevisiae, similar fractions of antigen binding single-chain variable fragments 
(scFvs) were observed (80% vs. 84%). In addition, plasmid stability assays and flow cytometric analysis demonstrated the 
efficient plasmid clearance of cells and associated loss of antibody fragment display after removal of selective pressure.

Key points
• First report of antibody display in P. pastoris using episomal plasmids.
• Identification of genetic elements conferring highest levels of antibody display.
• Comparable antigen binding capacity of displayed scFvs for PSD compared to YSD.
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Introduction

The surface display of proteins is an efficient method to 
directly link observed phenotypic properties of proteins to 
the encoding genetic information. It is representing one of 
the most important high-throughput methodologies in bio-
technology and has a wide range of applications, such as 
directed evolution of proteins, screening of antibody librar-
ies, epitope mapping, and development of whole-cell bio-
catalysts (Gai and Wittrup 2007). Protein display was ini-
tially established in bacteriophages (McCafferty et al. 1990; 

Scott and Smith 1990), but could be extended to various 
microorganisms with advancing genetic engineering (Boder 
and Wittrup 1997; Ståhl and Uhlén 1997). Especially YSD 
in Saccharomyces cerevisiae has achieved high popularity 
and success (Andreu and Olmo 2018; Cherf and Cochran 
2015). However, proteins expressed by S. cerevisiae tend 
to be hyperglycosylated, which might hamper their activity 
or interfere with the protein accessibility on the cell surface 
(Ryckaert et al. 2005; Tang et al. 2016). Surface display 
of proteins has been established in Pichia pastoris as well, 
besides other biotechnologically used yeasts (Mergler et al. 
2004). In contrast to the widely used YSD, the PSD systems 
commonly utilize a single cell wall protein (CWP) instead 
of independently expressed heterodimeric S.  cerevisiae 
a-agglutinin subunits (AGA1/AGA2), thereby simplifying 
the surface display. In both systems, surface targeting of 
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heterologous proteins is facilitated by fusion to a specific 
anchor domain of CWPs. For PSD, several heterologous pro-
teins, including antibodies, have been successfully displayed 
using different CWPs such as a protein with internal repeats 
(PIR1) from P. pastoris and flocculation protein (FLO1), cell 
wall glycoprotein (SED1) as well as α-agglutinin (SAG1) 
from S. cerevisiae (Mergler et al. 2004; Su et al. 2010; 
Tanino et al. 2007; Khasa et al. 2011). With the develop-
ment of glycoengineered Pichia strains exhibiting a human-
like glycan profile, this expression host is able to express 
glycoproteins suitable for therapeutic applications (Li et al. 
2006; Liu et al. 2013; Vervecken et al. 2004). This in com-
bination with tightly regulated promoters, versatile genetic 
engineering toolsets, growth on cheap carbon sources, as 
well as growth to high cell densities has substantiated the 
application of P. pastoris as an important expression system 
for biotechnological and biopharmaceutical proteins (Kar-
balaei et al. 2020; Kim et al. 2015).

PSD has almost exclusively been focused on the display 
of single proteins and screening of complex protein librar-
ies has been limited to a few studies in the past. Ryckaert 
et al. (2010) have displayed camelid heavy chain nanobodies 
fused to the N-terminus of S. cerevisiae SAG1 on P. pasto-
ris in order to screen an immune library of single domain 
antibodies. Other projects analyzed the display of antibody 
fragments or full-length IgG antibodies on the surface of 
P. pastoris, which requires post-translational assembly of 
the heavy chain and the light chain, and demonstrated their 
functional display by selecting antibodies with higher affini-
ties (Lin et al. 2012; Shaheen et al. 2013).

Despite the fact that expression of heterologous proteins 
in P. pastoris is usually facilitated by vector integration, 
several studies have demonstrated successful expression 
based on episomal plasmids (Lee et al. 2005; Sasagawa 
et al. 2011). In some cases, these were even outperforming 
genomically integrated controls by several fold (Camattari 
et al. 2016; Obst et al. 2017). Especially in the context of 
protein display and engineering, the use of episomal plas-
mid display systems would be more favorable since higher 
transformation efficiencies can be achieved when using cir-
cular, P. pastoris-specific ARS (PARS1) containing plas-
mids (Cregg et al. 1985). Those elements confer initiation 
of replication independent from the genome and influence 
the stability, transformation efficiency, and copy number of 
an episomal plasmid (Peña et al. 2018). With the develop-
ment of CRISPR-Cas genome editing tools for P. pastoris 
(Weninger et al. 2016), PARS1 has been employed due to 
efficient plasmid clearance upon removal of selective pres-
sure. Several recently identified autonomously replicating 
sequences (ARS) enable maintenance of episomal plasmids 
and efficient expression of recombinant proteins (Liachko 
and Dunham 2014; Nakamura et al. 2018; Schwarzhans 
et al. 2017), but were also tested for the development and 

optimization of the CRISPR-Cas9-based genome editing 
system, since they are inherently unstable in P. pastoris (Gu 
et al. 2019).

In this study, a Design of Experiments  screening was 
employed in order to analyze the designed episomal vec-
tor set for a preferential combination of genetic elements 
known to potentially influence protein expression levels, 
such as promoters, signal peptides, cell wall proteins, and 
ARS. Based on the identified elements conferring highest 
surface expression of antibody fragments, we have devel-
oped a novel antibody surface display system in P. pastoris. 
We subsequently examined display efficiency and functional 
display of antibody fragments by analyzing expression lev-
els and antigen binding capacity in comparison to the well-
established YSD in S. cerevisiae. The surface capture of 
proteins was not limited to a clinically relevant antigen, the 
cluster of differentiation 123 (CD123), but could also be 
demonstrated for antibody-based products used in the biop-
harmaceutical industry, such as antigen-binding fragments 
(Fab). Lastly, we have demonstrated the switchable/transient 
nature of scFv display in our PSD system, which might pave 
the way for a new selection method of producer clones that 
can be directly used for subsequent production purposes.

Materials and methods

Strains and media

Escherichia coli NEB® 10-beta (New England Biolabs, 
Ipswich, MA, USA) was cultivated in LB medium (10 g/l 
tryptone, 5 g/l yeast extract, and 5 g/l NaCl) containing 
either 50 µg/ml blasticidin or 50 µg/ml kanamycin or 50 µg/
ml nourseothricin for plasmid amplification. Saccharomy-
ces cerevisiae EBY100 (ATCC® MYA-4941, Manassas, 
VA, USA) and P. pastoris (Komagataella phaffii) CBS7435 
 mutS (ΔAOX1::FRT) (Näätsaari et al. 2012, Graz Pichia 
Pool) were used for surface expression of heterologous pro-
teins. This mutant strain was employed as the strong pro-
duction of alcohol oxidase (AOX1) in WT  (mut+) strains 
during growth on methanol may compete with the produc-
tion of recombinant proteins. For yeast cultivation in rich 
media, cells were grown in YPD medium (10 g/l yeast 
extract, 20 g/l peptone, and 20 g/l glucose). For selective 
growth and induction of protein expression under selective 
conditions, S. cerevisiae was cultivated in SDCAA (20 g/l 
glucose, 6.7 g/l yeast nitrogen base, 5 g/l Bacto casamino 
acids, 5.4 g/l  Na2HPO4, 8.56 g/l  NaH2PO4) and SGCAA 
medium (same as SDCAA, but with 20 g/l galactose instead 
of glucose), respectively, as described by Chao et al. (2006). 
P. pastoris was grown in BMD (Buffered Minimal Dex-
trose) (10 g/l glucose, 13.4 g/l yeast nitrogen base, 0.5 µg/
ml biotin, 200 mM potassium phosphate buffer pH 6.0) 
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containing 100–500 µg/ml nourseothricin. Heterologous pro-
tein expression was induced in BMD/BMG (Buffered Mini-
mal Glycerol)/BMM (Buffered Minimal Methanol) medium 
(13.4 g/l yeast nitrogen base, 0.5 µg/ml biotin, 200 mM potas-
sium phosphate buffer pH 6.0 and either 10 g/l glucose, 10 g/l 
glycerol, or 5 g/l methanol) supplemented with 500 µg/ml 
nourseothricin, respectively.

Construction and transformation of expression 
plasmids

In order to facilitate a high-throughput cloning strategy, the 
P. pastoris vector pPIC6α A (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) was modified for Golden Gate assem-
bly (Engler et al. 2008) by introducing type IIs recognition 
sites (BsaI) upstream of the promoter and downstream of the 
AOX1 terminator region. The two existing BsaI recognition 
sites in the vector backbone were eliminated by site directed 
mutagenesis using primers pDGN07-10 (Table S1). To 
enable blue/white selection for screening of positive E. coli 
clones, the β-galactosidase α-fragment coding sequence 
(lacZ’, GenBank Accession No. AAB18068.1) including the 
lac promoter, flanked by BsaI recognition sites, that would 
result in CCAT and AGCT fusion sites, were introduced 
into the vector. This synthesized sequence (ATUM, New-
ark, CA, USA) was cloned in the vector pPIC6α A using 
BglII/BamHI restriction sites, yielding pPIC6α-lacZ. Addi-
tionally, the resistance marker of the vector was exchanged 
for the  NrsR marker. The NAT1 coding sequence of Strep-
tomyces noursei (GenBank Accession No. X73149.1) was 
synthesized (Integrated DNA Technologies Inc., Coral-
ville, IA, USA) with NcoI and EcoRV restriction sites and 
ligated to the NcoI/EcoRV hydrolyzed vector pPIC6α-lacZ, 
resulting in the destination vector pPIC6α-GG for Golden 
Gate cloning. Elements of the basic module libraries 
(endogenous P. pastoris promoters: alcohol dehydrogenase 
(ADH1), alternative oxidase (AOD), AOX1, enolase (ENO1), 
and FLD1; signal peptides: S. cerevisiae α-mating factor 
(α-MF), α-MF:Δ57-70 and SUC2; antibody fragments: anti-
human CD123 scFv, anti-human IgG Fab region scFv and 
anti-6 × histidine single variable domain (VHH) antibody; 
CWPs: SAG1, SED1, and PIR1; ARSs: panARS, P. pasto-
ris mitochondrial DNA (mtDNA), and PARS1; see Fig. 1c) 
were synthesized by ATUM and in case for the non-yeast-
derived sequences (all antibody fragment sequences), they 
were codon optimized for expression in P. pastoris (for 
sequence overview see Table S2). Where necessary, BsaI 
restriction sites were removed to ensure compatibility with 
the assembly method. For the fusion site located upstream 
of the start codon, AAAC as part of the consensus Kozak 
sequence in P. pastoris was chosen (Vogl and Glieder 2013). 
The three remaining fusion sites (CCAT, TAGC, and AGCT) 

were all positioned in non-translated sequences. For assem-
bly, all DNA fragments were provided as uncut plasmids and 
combined automatically with the vector pPIC6α-GG using 
an automated liquid handling system (Tecan Group Ltd., 
Männedorf, Switzerland). After transformation of plasmids 
into E. coli, white colonies from each transformation were 
analyzed by colony PCR. Plasmid DNA was subsequently 
extracted from positive clones and correct vector assembly 
was confirmed by DNA sequencing as well as analytical 
endonuclease cleavage (primer sequences for colony PCR 
and sequencing are listed in Table S1). Genetic elements of 
the display vector for S. cerevisiae pYSDM1 were derived 
from the from pYD1 plasmid backbone (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). pYD1 is a display vec-
tor with the surface expression cassette located N-terminal 
to the Aga2p yeast membrane associated protein and under 
transcriptional control of the GAL1 promoter. Additional 
features of the pYD1 vector include a TRP1 gene for selec-
tion and a CEN6/ARS4 for stable, episomal replication in 
S. cerevisiae as well as an antibiotic resistance gene and 
the pUC origin for selection and replication in E. coli. An 
anti-human CD123 scFv ORF obtained from an in-house 
phage display library screening was NcoI/NotI-cloned in 
frame with the AGA2 gene, resulting in pYSDM1-CD123, 
and transformed into S. cerevisiae EBY100 which contains 
the plasmid, pIU211 stably integrated into the genome 
(Boder and Wittrup 1997). In both display systems, the 
C-terminal domain of all antibody fragments was connected 
to the N-terminal domain of each CWP through a flexible 
linker  (Gly4Ser)3. Vectors pYSDM1 and pPIC6α A without 
gene inserts were used as controls. Yeast were transformed 
using the Frozen-EZ Yeast Transformation II™ Kit (Zymo 
Research Corporation, Irvine, CA, USA). Cultivation con-
ditions after the transformation, screenings, and re-screen-
ings of the generated set of expression vectors for indicated 
PSD transformants were performed as outlined previously 
(Weis et al. 2004; Obst et al. 2017). Cells were inoculated 
in BMD media in deep-well plates. For induction of protein 
expression, cells were centrifuged after ~ 60 h of cultivation 
and resuspended in either 5 g/l BMM used for methanol 
inducible constructs  (PAOX1,  PFLD1), 10 g/l BMD for con-
stitutively induced constructs  (PAOD), or 10 g/l BMG for 
glycerol inducible constructs  (PADH1,  PENO1), respectively, 
and cultivated for further 48 h. For evaluating the antigen 
binding capability, surface expression of single P. pastoris 
transformants was induced as described by Ryckaert et al. 
(2010). In brief, P. pastoris cells were grown for 48 h in 
BMG at 30 °C. To induce protein expression, cells were 
harvested and washed twice with PBS (pH 7.2, 1% BSA), 
followed by resuspension in BMM and further cultivation 
for 24 h at 20 °C. S. cerevisiae transformants were induced 
as previously described (Chao et al. 2006).
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Experimental design and analysis

All DoE studies were designed using the software JMP® 
version 14 (SAS Institute Inc., Cary, NC, USA). Maximiz-
ing the display efficiency of surface expressed antibody frag-
ments was evaluated by determining cell frequency of surface 
expression, and median fluorescence intensity (MFI) of two 
fluorescence signals obtained by labeling the hemagglutinin 
(HA) and c-myc tag. To investigate the influence of the genetic 
elements, a custom screening design with 5 multilevel cat-
egorical factors was generated: promoter, signal peptide, anti-
body fragment, cell wall protein, and ARS (Table 1). Fraction 

of design space, power analysis, and color map of correlation 
as methods for design evaluation were chosen to evaluate the 
adequacy of the DoE design. Eighty P. pastoris clones harbor-
ing individual PSD constructs (see Table S3 for a complete 
overview designed constructs) were immunologically labeled 
with fluorophore conjugated antibodies specific for both pep-
tide tags in order to detect displayed proteins and analyzed by 
flow cytometry. The surface expression of antibody fragments 
was analyzed by determining the frequency of antibody dis-
playing cells and stain indices for APC and FITC fluorescence. 
After data acquisition, the collected data for each output was 
fitted using multiple linear regression (MLR) modelling and 

Fig. 1  Display systems in yeast 
using episomal plasmids. a 
Schematic drawing of Pichia 
surface display (left) and yeast 
surface display in S. cerevisiae 
(right). The antibody fragment 
that should be displayed is teth-
ered to the cell by C-terminal 
fusion to a cell wall protein 
(CWP). In P. pastoris, two GPI 
(SED1 and SAG1) and PpPIR1 
CWPs were employed, whereas 
display in S. cerevisiae was 
facilitated by commonly used 
AGA1-AGA2. Two peptide 
tags (c-myc and HA) allow 
for detection of the antibody 
fragment-cell wall fusion 
protein. b Generic vector for the 
set of antibody display vectors 
used in P. pastoris, pPIC6α-
PSD1-80 (left) and for the anti-
human CD123 scFv display in 
S. cerevisiae, pYSDM1-CD123 
(right). A signal peptide (SP) 
for protein secretion is located 
upstream of the to be displayed 
fusion protein, which is com-
prised of an antibody fragment 
followed by peptide tags, a flex-
ible linker and a CWP. Autono-
mously replicating sequences 
(ARS) are used for episomal 
maintenance of display vectors 
in P. pastoris and S. cerevi-
siae. c Combinatorial design 
overview for assembling PSD 
expression vectors. P. pastoris-
specific genetic elements that 
are known to influence protein 
expression levels were flanked 
by compatible overhangs and 
are interchangeable
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checked for model quality as described recently (Brown et al. 
2018; Montgomery 2013). Data points exhibiting studentized 
residuals above 2.575 (in absolute values) were excluded from 
the model (outliers). Terms displaying a p-value of > 0.05 were 
excluded from the model according to the backward stepwise 
regression method. Significance of the model was determined 
by ANOVA. A prediction profiler was used to display the over-
all desirability (maximized surface expression) for each term.

Immunofluorescence microscopy and flow 
cytometric analysis

After induction of protein expression, approximately 1 ×  106 
cells were incubated with 10 µl of antibody (c-myc Antibody, 
anti-human/mouse/rat, mouse IgG1, FITC and/or HA anti-
body, mouse IgG1, APC) (130–116-485 and 130–123-553, 
Miltenyi Biotec, Bergisch Gladbach, Germany) for 10 min at 
4 °C to label surface expressed fusion proteins. After wash-
ing with PBS (1% BSA), cells were examined with a con-
focal laser scanning microscope LSM 710 (Carl Zeiss AG, 
Oberkochen, Germany) using a BP 620/60 filter and excita-
tion at 633 nm, or with a MACSQuant® X flow cytometer 
(Miltenyi Biotec). Stain indices were calculated as follows:

The amount of displayed proteins per cell was estimated 
for the P.  pastoris strain CBS7435CD123 using Quan-
tibrite™ PE beads (BD Bioscience, Franklin Lakes, NJ, 
USA). MFI was determined by labeling cells with an anti-
HA antibody PE conjugate. To analyze antigen display, cells 
were incubated with recombinant antigens, either 100 nM 
CD123 (biotinylated human IL-3 R / CD123 protein, his-
tidine, avitag™, ACROBiosystems, Newark, DE, USA), or 
1 µM chimeric Fab (anti-human CD19 and CD33 chimeric 
mouse/human Fab, Miltenyi Biotec), for 30 min at RT and 
washed twice. CD123 displaying cells were labeled with an 
anti-biotin antibody VioBlue conjugate (Miltenyi Biotec) in 
addition to the anti-HA antibody APC conjugate. For labeling 

Stain index (SI) =
Median Fluorescence Intensity (MFI)positive− MFInegative

2 × StandardDeviationnegative

of chimeric Fab displaying cells, a biotinylated monoclonal 
antibody against poly-histidine tag was used as the primary 
antibody, and an anti-biotin antibody VioBlue conjugate as 
the secondary antibody (130–113-295, Miltenyi Biotec). 
Both antibodies were incubated for 10 min at 4 °C and cells 
were washed twice with PBS (1% BSA) after each labeling 
step. Cells were analyzed using a MACSQuant® X flow 
cytometer (Miltenyi Biotec).

Evaluation of plasmid retention

Precultures of P. pastoris CBS7435PSD32 (see Table S3) 
were grown overnight under selective conditions and after-
wards protein expression was induced as described above. 
ScFv-expressing cells were enriched through magnetic-acti-
vated cell sorting (MACS) to deplete non-displaying cells 
for subsequent subculturing. Therefore, up to  108 cells were 
labeled with 100 µl biotinylated anti-HA antibody followed 
by an incubation with anti-biotin microbeads (130–090-485, 
Miltenyi Biotec) for 15 min on ice. After two washing steps 
in PBS pH 7.2, 1% BSA, 2 mM EDTA, cells were loaded 
on a magnetic LS column and magnetically separated with 
the MidiMACS™ separator (Miltenyi Biotec). The posi-
tively enriched cells were used to inoculate selective and 
non-selective YPD media (with 100 µg/ml nourseothricin or 
without, respectively) and repeatedly passaged as recently 
described (Nakamura et al. 2018). Samples were taken every 
24 h until 96 h of cultivation. For determining percentage 
of plasmid containing cells, approximately 100–1000 cells 
according to  OD600 were plated onto selective and non-selec-
tive YPD plates. After 2 days of incubation, the percentage 
of plasmid containing cells was calculated. For determinin-
ing the surface expression, cell aliquots were induced and 
labeled with 10 µl anti-HA-APC and anti-c-myc-FITC anti-
body and analyzed by flow cytometry. Fluorescence signals 
of cells were analyzed by a MACSQuant® X flow cytom-
eter (Miltenyi Biotec). To validate the plasmid character 
of pPIC6α-PSD79 (see Table S3), a PCR assay with one 
set of directly adjacent, diverging primer pairs, binding the 
pUC ori region of pPIC6α-PSD79, was designed (Table S1). 
This way, a PCR product of the same size as the predicted 
pPIC6α-PSD79 would validate its circular structure.

Results

High‑throughput construction of episomal 
P. pastoris display vectors using a modular cloning 
system

In order to tether the expressed antibody fragments to the 
cell wall of P. pastoris, a PSD system was generated that 

Table 1  Experimental factors and the associated levels of each factor 
chosen for the evaluation of their impact on surface display in P. pas-
toris 

Factor Role Factor level

Promoter Categorical PADH1,  PAOD,  PAOX1,  PENO1,  PFLD1

Signal peptide Categorical αMF, αMF:Δ57-70, SUC2
Cell wall protein Categorical PIR1, SAG1, SED1
Antibody fragment Categorical anti-human CD123 scFv, anti-

human IgG Fab region scFv, 
anti-6 × histidine VHH

ARS Categorical mtDNA, panARS, pARS1
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uses anchor proteins with either glycosylphosphatidylino-
sitol (GPI), such as SAG1 and SED1, or internal repeats 
for expression on the cell surface (Fig. 1a). In both display 
systems, an N-terminal antibody fragment was connected 
to a CWP by a  (Gly4Ser)3 linker to improve its extracellular 
accessibility. For the immunological detection of surface-
displayed antibody fragments, a HA and c-myc tag were 
sequentially attached at the C-terminus of the fragment 
(Fig. 1a, b). Fifteen P. pastoris- or S. cerevisiae-specific ele-
ments (five promoters, three signal peptides, three CWPs, 

one terminator, and three origins of replication) involved in 
the surface expression of proteins as well as plasmid main-
tenance in P. pastoris and three different antibody fragments 
to be expressed on the surface were selected for the initial 
design of the novel PSD system (Fig. 1c). A DoE custom 
design was used for the systematic screening of five multi-
level categorical factors (Table 1). The number of constructs 
needed to identify main factors conferring highest surface 
expression could therefore be reduced from 406 possible 
combinations to below 90 runs, with each run requiring 
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a unique factor combination cloned into the display vec-
tor. A total of 80 individual PSD constructs were subse-
quently used for the identification of genetic elements con-
ferring highest surface expression (pPIC6α-PSD1-80, see 
Table S3). The cloning system we have developed relies 
on Golden Gate assembly and consists of five basic mod-
ule types (promoters, signal peptides, antibody fragments, 
CWPs, and ARSs) with up to five different elements for 
each module (Fig. 2a). Each basic module type is flanked by 
individual fusion sites, which are identical for the different 
elements allowing the insertion of a fully assembled tran-
scription unit and the ARS sequence in one step into the des-
tination vector (Fig. 2a). Transformation of the P. pastoris 
CBS7435 strain with this set of vectors resulted in a cohort 
of strains harboring these individual constructs leading to 
varying surface expression levels of the antibody fragments 
used for analysis.

Identification of genetic elements conferring 
maximized surface expression

To test the effect of different genetic elements on 
antibody surface expression, displayed proteins were 
detected and analyzed by flow cytometry. The intensity 
of the two fluorescence signals and the frequency of 
cells expressing the fusion protein were evaluated based 
on the immunofluorescence labelling of the two peptide 
tags (Fig. 1a and b) as demonstrated for P. pastoris cells 
harboring PSD construct ID11 (Fig. 2b, see Table S3). 
This exemplary result of P. pastoris cells transformed 

with the pPIC6α-PSD11 vector showed a frequency of 
17% fusion protein–displaying cells (Fig. 2b). The cell 
frequency of displayed fusion proteins, which can be 
used as a measure for the distribution of surface expres-
sion across a whole population, was determined for 
each construct as well as SIs for APC and FITC fluo-
rescence, which assess the expression strength of fusion 
proteins (see Table S3). For the model proteins used 
in this study, a maximum display efficiency (percent-
age of displaying cells) of 25% for the anti-6 × histidine 
VHH, 17% for the anti-human CD123 scFv, and 15% 
for the anti-human IgG Fab region scFv were achieved, 
respectively. An MLR model was fitted for each flow 
cytometry output and model parameters are displayed 
in Table 2. All three models displayed a coefficient of 
determination (R2) of at least 0.5 and were highly signif-
icant (p-value < 0.0001), which is considered adequate 
for drawing conclusions from the models. Especially for 
the “frequency of cell expression” R2 was > 0.7, allow-
ing more reliable predictions between the response (fre-
quency of cell expression) and the explanatory variables. 
The models equally suggested that tested signal peptides 
were non-significant factors in the investigated combi-
nations. Promoter, cell wall protein, ARS element, and 
antibody fragment were determined to be significant 
factors. As for the size effect (LogWorth, defined as 
-log10(p-value)) of each term in the models, the main 
factors promoter, ARS, and cell wall protein showed 
by far the strongest effects with values of 8.6 ± 1.9, 
6.6 ± 4.1, and 6.0 ± 2.2, respectively (Fig. 2c).

The largest impact on display efficiency can be attrib-
uted to the promoters, with FLD1 and AOX1 resulting in 
significantly higher surface expression levels compared to 
the glycerol-inducible ADH1 promoter and constitutive pro-
moters (AOD, ENO1). Overall, promoters FLD1 and AOX1 
conferred approximately at least twofold higher expression 
compared to ADH1, AOD, and ENO1. The choice of cell 
wall protein and ARS sequence was found to have a sig-
nificant impact on the surface expression as well, but to a 
lesser extent than promoter selection (Fig. 2c). The average 
difference in display efficiency between the least favorable 
PIR1 and the SAG1 anchor protein according to the predic-
tion profiler was 1.6-fold and 1.4-fold between the mtDNA 
and panARS, respectively. In case of the signal peptides, all 
three elements performed similarly for the generated fusion 
proteins. The two scFvs with different specificities did show 
similar expression strength, but 1.3-fold lower display effi-
ciency was observed when compared to the VHH fragment. 
Maximum surface expression was predicted for the com-
bination of FLD1 promoter, SUC2 signal peptide, SAG1, 
VHH, and the panARS according to the prediction profiler 
and experimentally validated (Fig. 2c and Table S3).

Fig. 2  Modular cloning system for generation of PSD vectors and 
characterization of surface expression in P. pastoris. a Sets of basic 
modules contain synthesized genetic elements such as promoters 
(P), signal peptides (SP), antibody fragments (AF), cell wall proteins 
(CWP), and autonomously replicating sequences (ARS). A ribo-
some binding site (RBS), peptide tags, a linker (L), and an AOX1 
transcription terminator (TT) were added to basic modules for func-
tional replication, transcription and translation. PSD constructs are 
assembled from chosen basic modules in a one-pot and one-step 
cloning reaction. Basic modules of different types are flanked by 
compatible fusion sites. Each fusion site consists of 4 nucleotides of 
choice (boxed) flanked by a type IIS enzyme (BsaI) recognition site 
upstream and downstream of the DNA sequence (vertical box drawn 
under the fusion site). An exemplary assembled transcription unit for 
surface expression of fusion proteins is shown below. The ARS is 
located downstream of the transcription unit. b Exemplary PSD bear-
ing P. pastoris cells (PSD ID11) were stained with fluorophore con-
jugated antibodies specific for c-myc (FITC) and HA (APC) tag and 
analyzed using flow cytometry. c Prediction profiler of the combined 
DoE analysis for all tested 80 PSD constructs. Constructs were simul-
taneously analyzed for the frequency of surface expression and stain 
indices for the two peptide tags. The red dashed vertical lines high-
light selected set points for each of the experimental factors; selec-
tion affects the horizontal red dashed line which indicates surface 
expression based on the model prediction formula. Genetic elements 
with the highest desirability for all three experiment outputs are high-
lighted (red)

◂
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Localization and estimation of surface displayed 
scFv molecules

Inhomogeneous surface expression of the antibody frag-
ments may affect their interaction with the antigen. To con-
firm the uniform display of scFvs across the yeast surface, 
cells were further analyzed by confocal microscopy. Expres-
sion vectors encoding an anti-human CD123 scFv pYSDM1-
CD123 and pPIC6α-PSD32 (Table 3) were introduced into 
S. cerevisiae EBY100 and P. pastoris CBS7435, respectively. 
In both anti-human CD123 scFv-expressing strains (S. cer-
evisiae EBY100CD123 and P. pastoris CBS7435CD123), 
fluorescence was homogeneously distributed on the cell sur-
face, whereas no fluorescence was observed for control cells 
(Fig. 3). Sixty-nine percent of EBY100CD123 were display-
ing the anti-human CD123 scFv-α-agglutinin fusion protein 
which is 3.2-fold higher compared to CBS7435CD12. The 
MFI for scFv-displaying cells was reduced fourfold in PSD 
compared to YSD (23.4 ± 0.4 vs. 84.4 ± 5.0) indicating lower 
levels of display efficiency for PSD. The displayed mole-
cule density of the P. pastoris CBS7435CD123 strain was 
further estimated by using a fluorescence quantitation. The 
measured MFI of approximately 25 (arbitrary units) detected 
for scFv-expressing CBS7435CD123 cells corresponds to 
an average number of 5 ×  103 displayed molecules per cell 
(Fig. S1).

Functional display of scFv fragments in P. pastoris

In order to evaluate the applicability of the generated 
PSD system and to demonstrate display of functional 
proteins on the cell surface, antigen binding of displayed 

anti-human CD123 scFvs in P. pastoris CBS7435CD123 
was compared to S.  cerevisiae EBY100CD123. When 
gated on scFv-expressing cells, binding capacities of 
P. pastoris and S. cerevisiae were similar with 80% and 
84% of antigen binding cells, respectively (Fig. 4a). How-
ever, S. cerevisiae showed approximately a 1.5-fold higher 
functional display as determined by antigen binding than 
P. pastoris when compared to the vector controls. Addi-
tional PSD constructs ID38, ID40, and ID49 harboring 
different CWPs (SAG1 and SED1) were tested for CD123 
antigen binding (Table 3). The frequency of antigen bind-
ing cells and fluorescence intensities varied across the con-
structs, despite similar surface expression levels (Fig. 4a). 
Cells harboring constructs with the SAG1 anchor (ID32 
and ID49) showed a 1.3-fold higher frequency of antigen 
binding cells, ranging from 70 to 80%, compared to cells 
expressing SED1 anchor fusion proteins (present in ID38 
and ID40, 53–60%). Additionally, a 2.4-fold higher func-
tional display was observed for SAG1 anchor fusion pro-
teins (present in ID 32 and ID49) compared to constructs 
carrying the SED1 anchor according to detected MFIs 
(present in ID38 and ID40, MFI of 2.6 ± 0.6 vs. 1.1 ± 0.2). 
Moreover, display of scFvs was tested for surface bind-
ing of spiked in Fabs. The displayed scFv was targeted 
against the Fab region of human antibodies and tested for 
binding towards 1 µM of two different Fab specificities, 
CD19 and CD33, using construct ID79 (Table 3, Fig. 4b). 
Comparable frequency of Fab binding cells was observed, 
with 65% (CD19 Fab) and 51% (CD33 Fab) binding and 
almost identical fold change of fluorescence signals in 
comparison to the control (~ 7 and ~ eightfold). Thus, the 
developed PSD system has shown, despite reduced display 
efficiency, similar functional surface expression of scFvs 
in comparison to YSD. Additionally, this display system 
is capable of capturing proteins of different protein classes 
demonstrating its potential broader applicability.

Switchable display of antibody fragments

The use of episomal plasmids in our PSD system allows 
for the antibiotic-mediated control of plasmid maintenance 
and associated surface display of the antibody fragment 
fusion proteins. Thus, by removing the selective pressure, 

Table 2  Evaluation of DoE modelling for antibody display

Frequency of cell 
expression

SI APC SI FITC

Multiple linear 
regression model

p < 0.0001 p < 0.0001 p < 0.0001

R2 0.72 0.52 0.63
R2 adjusted 0.70 0.50 0.60
RSME 2.462 2.542 1.191

Table 3  Genetic composition of functionally tested PSD constructs

PSD ID Promoter Signal peptide Cell wall protein Antibody fragment ARS MFI scFv display MFI antigen binding

32 PFLD1 αMF SAG1 anti-human CD123 scFv panARS 16.8 ± 0.9 3.2 ± 0.1
38 PFLD1 αMF SED1 anti-human CD123 scFv panARS 17.9 ± 2.0 1.1 ± 0.1
40 PFLD1 αMF:Δ57-70 SED1 anti-human CD123 scFv PARS1 18.0 ± 1.1 1.2 ± 0.3
49 PAOX1 SUC2 SAG1 anti-human CD123 scFv panARS 15.6 ± 0.8 2.0 ± 0.0
79 PFLD1 αMF:Δ57-70 SAG1 anti-human IgG Fab region scFv panARS 20.4 ± 2.2 2.3 ± 0.5
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the surface expression of the antibody fragment fusion pro-
tein can be switched off on demand. A switchable surface 
display of antibody fragments could pave the way for a novel 
Fab/IgG secrete-and-capture approach which utilizes a tran-
sient capture of secreted proteins for fluorescence-activated 
cell sorting (FACS) of producer cells. The advantage of this 
approach lies in the fact that isolated cells may be used for 
immediate production purposes because the capturing moi-
ety can be switched off in contrast to displayed antibody 
fragments expressed from integrative vectors.

Therefore, we have assessed the surface display level of 
an anti-human IgG Fab region scFv and the plasmid reten-
tion of its encoding vector in P. pastoris grown under selec-
tive and non-selective conditions. The P. pastoris CBS7435 

strain was transformed with the pPIC6α-PSD79 vector, 
harboring the panARS sequence for plasmid retention. The 
PCR result in Fig. 5a visibly demonstrates the presence of a 
full length episomal circular plasmid of 5661 bp as shown 
in Fig. 1. The plasmid stability of pPIC6α-PSD79 was inves-
tigated by plating cells and estimating surface expression 
for the antibody fusion protein during repeated passag-
ing over the course of 4 days (Fig. 5b). ScFv-displaying 
cells were enriched via MACS to deplete non-displaying 
cells for subsequent subculturing. The initial frequency 
of plasmid retention and scFv display of the cell popula-
tion after MACS was 87% and 84%, respectively. After 
96 h of cultivation, pPIC6α-PSD79 is stably maintained 
in up to approximately 60% of cells grown under selective 

Fig. 3  Fluorescence microscopy and flow cytometry analysis of 
P.  pastoris and S.  cerevisiae cells displaying single-chain variable 
fragment antibodies. Cells were labeled with an APC-conjugated 
antibody specific for the HA tag. Bright field (left column) and con-
focal microscopy using BP 620/60 filter after excitation at 633  nm 

(middle column) are shown. Marker bar = 10  µm. Flow cytometric 
analysis (right column) of anti-human CD123 scFv-displaying P. pas-
toris and S.  cerevisiae cells. P.  pastoris CBS7435 transformed with 
empty pPIC6α was used as control
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conditions, while under non-selective conditions, the plas-
mid retention continually decreases to below 5% (Fig. 5b). 
When transformed cells were grown under nonselective 
conditions (i. e., without nourseothricin), low scFv display 
(around 4%) was observed at 96 h of cultivation accord-
ingly (Fig. 5c). In contrast, approximately 45% of the cells 
grown under selective pressure showed scFv display with a 
wide range of fluorescence signals (Fig. 5c). Taken together, 
the plasmid stability and PCR assay clearly validated the 
plasmid character of pPIC6α-PSD79. The results indicate 
that panARS does not fully provide autonomous plasmid 
retention, such that almost half (40%) of the cells lost the 

plasmid during cultivation in presence of selective pressure 
at day 4 (Fig. 5b).

Discussion

The developed antibody display in P. pastoris is based on 
circular plasmids containing ARS elements which allow 
episomal plasmid maintenance, but are inherently unstable 
in the absence of selective pressure. For the construction 
of episomal antibody display vectors, a variety of different 
genetic elements were evaluated for the applicability in PSD. 

Fig. 4  Functional binding studies of surface-expressed single-chain 
antibody fragments. Binding capabilities for two tested antigens 
(CD123 and Fab) displayed on the surface of P. pastoris and S. cer-
evisiae were determined by flow cytometry. Cells transformed with 
the vector control (negative control) are shown as unfilled histograms. 
Frequency of antigen binding cells and MFI-fold change compared to 
vector control for individual constructs are shown. a P. pastoris and 
S. cerevisiae expressing anti-human CD123 scFvs (upper lane) bound 
to biotinylated human CD123 and secondary labeled with an anti-

biotin antibody conjugated with VioBlue. P. pastoris cells expressing 
anti-human CD123 scFvs in different genetic compositions (middle 
lane, Table 3) construct ID38 (left), ID40 (mid), or ID49 (right) were 
bound to biotinylated human CD123 and labeled with an anti-biotin 
antibody conjugated with VioBlue. b P. pastoris cells expressing con-
struct ID79 (lower lane) bound to recombinant human Fab antibody 
fragments specific for CD19 (left) and CD33 (right) and labeled with 
a biotinylated anti-6 × histidine antibody and anti-biotin VioBlue. 
Typically 15–25% of the yeast population was displaying scFvs
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Here, we have shown the rapid construction of a diverse set 
of vectors consisting of many different transcription units, 
including ARS elements, using Golden Gate cloning strat-
egy (80 constructs, consisting of 17 individual basic mod-
ules). This set of constructs was systematically screened by 
employing a custom design to identify genetic elements con-
ferring maximized surface expression. The goodness of fit  
for the separate models suggested the models to be suitable 
for the purpose of factor screening. Broken down into the 
individual module types, measured antibody display efficien-
cies for the methanol-inducible AOX1 and FLD1 promoters 
were higher compared to the glycerol-inducible ADH1 pro-
moter and constitutive promoters (AOD, ENO1). This is well 
in line with their attributed promoter strengths described 
in literature (Vogl and Glieder 2013). Among the tested 
CWPs, the GPI proteins (SAG1, SED1) were most effective 
in displaying antibody fragments compared to PIR1. Even 
though PIR1 was used for successful display of enzymes 
and reporter proteins in P. pastoris (Moura et al. 2015; Yang 
et al. 2017), studies have reported considerable variations in 
the formation of specific protein-polysaccharide complexes 

depending on several environmental factors in S. cerevisiae, 
which could be an explanation for the results of our screen-
ing (Klis et al. 2002). When comparing display efficiency 
of SED1 anchor proteins to the a-agglutinin anchor system, 
which like PIR1 also relies on the formation of disulfide 
bonds, a higher efficiency for the GPI anchor in S. cerevisiae 
was reported by Yang et al. (2019).

In regard to the ARS elements tested in this study, highest 
display levels were achieved with panARS-based expression 
vectors. ARSs generally serve as the origin of DNA replica-
tion and are closely related to stability, transformation effi-
ciency, and copy number of episomal plasmids (Pena et al. 
2018). Therefore, increased surface display can probably be 
attributed to higher copy numbers and higher plasmid sta-
bility of episomal vectors containing the panARS element 
(Camattari et al. 2016; Liachko and Dunham 2014), since 
vectors harboring either PARS1 or mtDNA have resulted in 
lower copy numbers (Nakamura et al. 2018; Schwarzhans 
et al. 2017). In fact, higher expression efficiency of a model 
protein has been shown to be correlated to the copy num-
ber of plasmids containing the panARS (Camattari et al. 

Fig. 5  Evaluation of autono-
mously replicating activity and 
plasmid retention in P. pastoris. 
a PCR assay used to prove 
episomal presence of circular 
pPIC6α-PSD79 (5661 bp) in 
CBS7435. Lanes: (M) marker, 
relevant band sizes have been 
highlighted. (1) Amplicon 
generated with primer pair pUC 
ori-FW/RV. b Plasmid stability 
and scFv surface expression in 
P. pastoris, for repeated sub-
cultures grown under selective 
(red) and non-selective (green) 
conditions. Plasmid retention 
was determined by plating cells 
on selective and non-selective 
agar plates. Error bars represent 
the standard deviation, with 
n = 2. (c) Flow cytometric 
analysis for scFv expression 
of cells grown under either 
selective (left) or non-selective 
(right) conditions after 96 h of 
cultivation. Cells were labeled 
with an APC-conjugated anti-
body specific for the HA tag. 
Frequency of antibody express-
ing cells compared to vector 
control is shown
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2016). A systematic comparison of abovementioned ARSs 
used in a CRISPR/Cas9 genome editing system in P. pasto-
ris confirmed highest efficiency for panARS-based vectors 
owing to their higher plasmid stability and copy number 
(Gu et al. 2019). The proportion of cells displaying antibody 
fragments from an integrated expression vector with 67% 
is approximately threefold higher compared to our results 
of around 21% cell frequency (Ryckaert et al. 2010). As 
expected, the significant difference in expressors and non-
expressors further indicates that the plasmid stability is an 
important factor for the efficiency of protein expression. 
Vectors that are integrated into the genome of P. pastoris 
typically result in stable expression strains even under non-
selective conditions (Cregg et al. 2000), thus resulting in a 
higher frequency of an expressing population. Other effects 
related to vector integration, such as the integration site and 
genome rearrangements, may influence protein expression 
as well (Aw et al. 2017; Love et al. 2010), but do not apply 
to strains harboring episomal plasmids.

To our knowledge, antibody fragment display facilitated 
by episomal vectors in P. pastoris has not been reported so 
far, but intracellular expression of fluorescent reporter pro-
teins from episomal plasmids achieved frequencies which 
range from 40 to 65% and were 2–threefold higher than the 
display efficiency determined in this study (Nakamura et al. 
2018; Gu et al. 2019). Unlike intracellularly expressed pro-
teins, secreted proteins have to undergo membrane trans-
location, signal peptide processing, and folding within the 
ER, which have been identified as major bottlenecks for 
recombination protein production in P. pastoris (reviewed 
by Puxbaum et al. 2015).

Surface display in S. cerevisiae and P. pastoris were both 
based on episomal plasmids which make use of strong pro-
moters. The frequency of antibody displaying cells is higher 
in YSD compared to PSD, but two clearly distinct popula-
tions of expressing and non-expressing cells were present 
in both display systems. The observed display efficiency of 
69% in YSD was similar to those efficiencies described in the 
literature (Kuroda et al. 2009). In addition, antibody display 
can be further evaluated by estimation of displayed molecule 
density. It has been shown that the density of expressed pro-
teins on the cell surface by using integrative vectors and the 
α-agglutinin anchor in P. pastoris ranges from 4 to 9 ×  105 
molecules (Jin et al. 2014; Mergler et al. 2004). However, 
when the POI is expressed from an episomal vector in YSD, 
the number of proteins per cell for the α-agglutinin anchor 
was estimated at 2.5 ×  104 and 1.5 ×  104 (Kato et al. 2007; 
Shibasaki et al. 2001), indicating that the number of mole-
cules displayed on the cell surface is generally reduced when 
using episomal instead of integrative vectors. The amount 
of displayed POI in the developed PSD system with 5 ×  103 
molecules per cell is approximately 3- to fivefold lower than 
determined in the studies of Shibasaki et al. (2001) and Kato 

et al. (2007). Quantification of the MFI of S. cerevisiae and 
P. pastoris cells expressing scFvs, an indirect measure for 
displayed molecules per cell, confirmed lower display lev-
els in PSD compared to YSD. While previous studies have 
shown that for PARS1 and mtDNA approximately 50–55% 
of the cells lost the plasmid during culturing under selective 
conditions (Nakamura et al. 2018; Schwarzhans et al. 2017), 
similar stability rates for plasmids harboring the panARS 
were observed. The plasmid loss rate in S. cerevisiae is sig-
nificantly reduced in comparison to P. pastoris. Expression 
of a GFP-carrying plasmid resulted in the emission of strong 
fluorescence from 80% of the cell population when culti-
vated under selective conditions (Hegemann et al. 1999). 
Episomal plasmids in S. cerevisiae bear an additional cen-
tromeric (CEN) sequence besides the ARS. CEN sequences 
act as attachment sites for kinetochore complexes, which are 
involved in the chromosome segregation and enable a high 
segregational stability during mitosis (Westermann et al. 
2007). As demonstrated for haploid S. cerevisiae strains, 
CEN6/ARS4 plasmids are maintained at a low copy num-
ber, ranging from 2 to 5 copies per cell (Karim et al. 2013), 
which is lower than the determined copy number of 6 to 17 
copies per cell for panARS vectors (Camattari et al. 2016; 
Gu et al., 2019). Thus, suggesting that the plasmid instability 
of episomal vectors in P. pastoris stems from poor plasmid 
segregation rather than low replication activity. The plasmid 
stability achieved in a recent study supports this assumption, 
since up to 84% of cells were able to maintain episomal plas-
mids of one copy per cell when a full-length centromere was 
used as an ARS (Nakamura et al. 2018). Therefore, the dif-
ferences in expression efficiency of surface-displayed scFvs 
between YSD and PSD as indicated by lower cell frequency 
and MFI are most likely caused by insufficient plasmid reten-
tion (autonomous replication activity, plasmid replication, 
and/or partitioning) for the used ARSs in P. pastoris when to 
compared S. cerevisiae.

In addition to the employed promoters, copy number, 
and stability of used plasmids, varying surface expres-
sion of fusion proteins between PSD and YSD could also 
be ascribed to their structural and biochemical/metabolic 
differences. Although S. cerevisiae and P. pastoris both 
belong to the Saccharomycetaceae family, the Golgi appa-
ratus of S. cerevisiae for example differs from its counterpart 
in P. pastoris to some extent, which is rather resembling 
the structural organization of the Golgi apparatus of higher 
eukaryotic and human cells (Mogelsvang et al. 2003; Ros-
sanese et al. 1999). This difference might especially affect 
the glycosylation, secretion and cell wall composition of the 
two yeasts. Moreover, most genetic elements employed for 
surface display in P. pastoris in this study were obtained 
from endogenous sequences of S. cerevisiae and have not 
been codon-optimized for expression in P. pastoris. A less 
favorable codon bias might have negatively influenced the 
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transcription and translation efficiency and led to lower 
expression levels (Tuller et al. 2010; Xu et al. 2021).

Nonetheless, results from fluorescence microscopy and 
flow cytometry confirmed the successful display of anti-
body fragments on the cell surface of P. pastoris. Regard-
ing the functional display of antibody fragments, we have 
demonstrated comparable antigen binding capability of an 
anti-human CD123 scFv antibody for the developed PSD, 
which utilizes the α-agglutinin anchor protein compared to 
the antibody display in S. cerevisiae. Fluorescence micros-
copy confirmed homogenous expression of fusion proteins 
across the cell surface for both display systems. Interest-
ingly, alternating genetic compositions, especially in case 
of anchor proteins, resulted in varying antigen binding cell 
frequencies and varying amounts of surface bound antigen. 
Inokuma et al. (2020) have demonstrated that the anchor-
age position of GPI-attached proteins in the cell wall could 
be controlled by changing the fused anchoring domain 
for SED1 and SAG1 in S. cerevisiae, indicating that the 
observed difference in antigen binding can be attributed to 
the surface positioning of the POI, which in this study was 
more favorable for SAG1-fused scFvs.

Future strategies towards improving antibody display 
may focus on a multitude of different aspects. For example, 
signal peptide optimization and engineering of a hybrid 
secretion signal have previously enhanced the secretion 
of proteins in P. pastoris (Aw et al. 2018; Barrero et al. 
2018). By employing an endogenous centromere sequence 
in P. pastoris, plasmid retention rates similar to S. cerevi-
siae were achieved (Nakamura et al. 2018). However, due 
to the size of the sequence (6655 bp), resulting plasmids 
will be very large affecting e.g. cloning and/or transforma-
tion efficiencies. The use of ARS sequences in P. pasto-
ris derived from other yeasts has also allowed for stable 
plasmid maintenance in transformed cells (Vogl 2015). 
New ARSs and plasmid partitioning elements have been 
identified in a high-throughput manner in S. cerevisiae 
(Hoggard et al. 2016; Liachko et al. 2013). This approach 
could be applied to other non-conventional yeasts in order 
to identify additional ARSs for potential use in P. pas-
toris. Mutating existing ARSs was shown improve their 
function and resulted in higher plasmid stability in yeast 
as well (Liachko et al. 2013, 2014). Even the growth rate 
can influence the stability of yeast plasmids (Mead et al. 
1986). Therefore, employing a P. pastoris strain that does 
not contain any functional AOX gene might be beneficial 
in regard to plasmid loss. For this methanol utilization 
negative strain very little growth was observed in the pres-
ence of methanol when compared to the  mutS phenotype 
(Zavec et al. 2020). Reduced proliferation might thereby 
potentially translate to higher plasmid retention.

Lastly, plasmid retention and protein retention were 
monitored independently by measuring the retention 

of the plasmid-borne selectable marker and labelling 
of surface expressed proteins during growth in non-
selective media. Both plasmid loss and protein loss for 
cells grown under non-selective conditions were con-
firmed, implying the cells’ ability to be cured of the 
plasmids during cultivation in the absence of selective 
pressure. In this study, we established and character-
ized a novel system for the functional display of anti-
body fragments on the surface of P. pastoris. Besides 
surface binding of a clinically relevant antigen, two Fab 
antibody fragments were successfully captured on the 
surface of P. pastoris, demonstrating that the PSD sys-
tem is capable of displaying different protein classes. 
In combination with the transient display of antibody 
fragments, the latter has the potential for a secrete-and-
capture method for the isolation of antibody producing 
yeast clones via FACS as outlined before (Rakestraw 
et al. 2011; Rhiel et al. 2014), but with the advantage 
that selected clones are suitable for immediate use in 
production processes (Gätjen et al., manuscript in prep-
aration). In general, antibody engineering in this com-
monly used expression host would offer the possibility 
to directly select antibodies in the same organism used 
for subsequent production, facilitating and optimizing 
clone selection processes. However, PSD based on epi-
somal plasmids still needs further improvement to be 
able to compete with the efficiency of YSD.
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