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Abstract: The yeast Komagataella phaffii has become a popular host strain among biotechnology start-up companies for producing
recombinant proteins for food and adult nutrition applications. Komagataella phaffii is a host of choice due to its long history of safe
use, open access to protocols and strains, a secretome free of host proteins and proteases, and contract manufacturing organizations
with deep knowledge in bioprocess scale-up. However, a recent publication highlighted the abundance of an unknown polysaccharide
that accumulates in the supernatant during fermentation. This poses a significant challenge in using K. phaffii as a production host.
This polysaccharide leads to difficulties in achieving high purity products and requires specialized and costly downstream processing
steps for removal. In this study, we describe the use of the common K. phaffii host strain YB-4290 for production of the bioactive milk
protein lactoferrin. Upon purification of lactoferrin using membrane-based separation methods, significant amounts of carbohydrate
were copurified with the protein. It was determined that the carbohydrate is mostly composed of mannose residues with minor
amounts of glucose and glucosamine. The polysaccharide fraction has an average molecular weight of 50 kDa and consists mainly of
mannan, galactomannan, and amylose. In addition, a large fraction of the carbohydrate has an unknown structure likely composed of
oligosaccharides. Additional strains were tested in fermentation to further understand the source of the carbohydrates. The commonly
used industrial hosts, BG10 and YB-4290, produce a basal level of exopolysaccharide; YB-4290 producing slightly more than BG10.
Overexpression of recombinant protein stimulates exopolysaccharide production well above levels produced by the host strains alone.
Overall, this study aims to provide a foundation for developing methods to improve the economics of recombinant protein production
using K. phaffii as a production host.

One-Sentence Summary: Overexpression of recombinant protein stimulates the hyperproduction of high-molecular-weight,
mannose-based, exopolysaccharides by the industrial yeast Komagataella phaffii.

Keywords: Exopolysaccharide (EPS), Recombinant protein production, Precision fermentation, Komagataella phaffii (K. phaffii), Pichia
pastoris (P. pastoris)
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List of Abbreviations Introduction

EPS: exopolysaccharide The industrial yeast, Komagataella phaffii (K. phaffii), is renowned
K. phaffii:  Komagataella phaffii for its application in developing recombinant proteins across di-
rbLf: recombinant bovine lactoferrin verse product categories from industrial enzymes to therapeutic
GPC: gel permeation chromatography antibodies. More recently, biotechnology start-up companies have
MS: mass spectrometry successfully employed K. phaffii for the production of recombi-
DSP: downstream processing nant proteins with a range of applications in food from texture,
DCW: dry cell weight flavor, smell, nutritional content, and health benefits (Barone et
Cut: cutinase al., 2023). Examples of some of these products and companies
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include heme proteins (Motif FoodWorks and Impossible Foods),
egg white proteins (The Every Company), milk proteins (Perfect
Day and Remilk), and sweet proteins (Oobli) (Supplemental Tabl
e3).

TurtleTree is producing lactoferrin as a food ingredient in se-
lect food and beverage applications using K. phaffii as a pro-
duction host. Lactoferrin is an iron-binding glycoprotein nat-
urally occurring in mammalian mucosal secretions (i.e., milk
and saliva) and in neutrophil granules. Apart from its main bi-
ological function, namely binding and transporting iron ions,
lactoferrin also has antibacterial, antiviral, antiparasitic, anti-
cancer, and antiallergic functions and properties (Garcia-Montoya
et al., 2012). Bovine lactoferrin is a 689-amino acid glycopro-
tein with a molecular weight of 80-87 kDa (Hurley et al., 1993).
Native bovine lactoferrin (bLf) has five putative N-linked glyco-
sylation sites and is present in bovine milk in different glyco-
forms, of which the most abundant glycoform has four of the
sites occupied with heterogeneous glycan structures (Wei et al,,
2000).

Despite the advantages of this platform host and the favor-
able qualities of the products it can produce, secreted proteins
produced from these strains can be plagued by the presence of
unwanted polysaccharides, known as exopolysaccharides (EPS)
(Denton et al.,, 1998; Pan et al.,, 2022, Trimble et al., 1991). Dur-
ing high cell density fed-batch fermentation, K. phaffii strains have
been known to produce EPS at concentrations up to 8.7 g/L in the
supernatant (Steimann et al., 2024). To effectively remove these
polysaccharides, additional downstream processing (DSP) steps,
such as chromatography, are necessary (Li et al., 2018; O'Leary et
al., 2004). Unfortunately, these additional DSP procedures are both
costly and time-consuming for manufacturers.

The research regarding the origins of these carbohydrates
and the influences of manufacturing processes remains largely
unexplored. Steimann et al. (2024) summarize the existing
knowledge of EPS, and emphasize that beyond the detection
of EPS noted in some literature and basic structural infor-
mation, there lacks a concrete understanding of this com-
mon and undesired coproduct. The industry needs a solution
for increasing product purity in a cost-effective and efficient
manner.

The objective of this study was to deepen our understanding of
the composition and source of the EPS produced by K. phaffii dur-
ing fermentation. Characterization of the EPS molecular weight
and structure is necessary to ensure product safety and inform
DSP methods to achieve higher purity products. Exploring how
host lineage and the stress of recombinant protein production in-
fluence polysaccharide formation can help support strain or pro-
cess engineering techniques to reduce or eliminate EPS produc-
tion or accumulation. In addition, this study reports on the devel-
opment and implementation of methods to monitor and track EPS
levels during upstream and downstream process optimization for
EPS reduction. The information provided in this study serves as
a starting point for streamlining purification and manufacturing
methods to achieve high purity products with low-cost DSP for K.

phaffii.

Materials and Methods

Strains

Komagataella phaffii strains BG10, YB-4290, YB-4290.TT_bLf{,
BG11.2_cutinase (BG10, AAox1, extra copy of Hacl, cutinase),
and YB-4290.2_cutinase (YB-4290, AAox1, extra copy of Hacl,
cutinase).

Fed-Batch Fermentations

All fed-batch fermentations were carried out using 2-L glass ves-
sels equipped with inline control of temperature, pH, feed rate,
dissolved oxygen, and mixing. Depending on the strain, the car-
bon source, pH, and duration of the fermentation varied. For all
strains, the production phase was set to target a low growth rate
similar to what is described in literature (Life Technologies Invit-
rogen, 2002; Looser et al., 2015). Chemically defined FM22 media
and PTM salts were used for all fermentations.

Total Carbohydrate Assay

The anthrone-sulfuric acid microplate assay adapted from Leyva
et al. (2008) was used to determine total carbohydrate mass. The
Sigma product M2069-5 G, D-(+)-mannose was used to prepare a
standard curve.

Carbohydrate Linkage, Monosaccharide, and
Polysaccharide Composition Analysis

The following were carried out by the Lebrilla Lab at the Uni-
versity of California, Davis, as described in previous publica-
tions (Bacalzo et al., 2023; Couture et al., 2024; Galermo et al.,
2018; Xu et al., 2017). The carbohydrate glycosidic linkage anal-
ysis and monosaccharide analysis were performed using ultra
high-performance liquid chromatography coupled with triple-
quadrupole mass spectrometry (UHPLC/QgQ-MS). The polysac-
charide analysis was carried out using high-performance lig-
uid chromatography-quadrupole time-of-flight mass spectrome-
try (HPLC/QTOF-MS). The following sets of standards were used
for quantification and identifications. Linkage analysis standards
included a library of 22 glycosidic linkages prepared using com-
mercial oligosaccharide standards. Polysaccharide analysis stan-
dards included a set of 13 polysaccharides commonly found in
food. Monosaccharide analysis standards included a pooled set
of standards containing the 15 most common monosaccharides
found in food.

Carbohydrate Molecular Weight Analysis

Gel permeation chromatography (GPC) was carried out by McGill
University, Department of Chemistry. A Shodex LB-806 M OH pak
column and a refractive index detector were used for detection.
A pullulan polyS polymer was used to generate a standard curve
(Shodex) (Arnling Baath et al., 2018; Cizova et al., 2017; Verhert-
bruggen et al., 2019).

Total Composition Analysis of Low Purity rbLf
Sample

Eurofins performed the following assays on the rbLf sample: ash
(Eurofins method code FS044-1), total protein (Eurofins method
code FSO4U-3), and bovine lactoferrin (Eurofins method code
FS313-1). Moisture content was determined by drying and weigh-
ing. In this case, the total percent carbohydrate by weight was cal-
culated by subtracting the mass of moisture, ash, and total protein
from the total weight and then dividing by total dry weight.

Bovine Lactoferrin Quantification By HPLC

An Agilent 1260 HPLC, equipped with a Agilent Poroshell 300SB-
C8, 5-um column, and an Agilent Multi Wavelength Detector
(220 nm), was used for rbLf sample resolution and detection.
Bovine lactoferrin derived from milk (Sigma L047) was used to pre-
pare a standard curve.
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Fig. 1. Composition and abundance of the carbohydrates in the low purity recombinant bovine lactoferrin (rbLf) sample. (a) Approximate composition
by weight of the low purity rbLf sample as determined by the assays performed by Eurofins, (b) analysis of the carbohydrate type, abundance, and
composition, and (c) structure of the major polysaccharides found in the sample. Note. G = glucose; Gal = galactose; M = mannose.

Results

Komagataella Phaffii Produces
High-Molecular-Weight, Mannose
Exopolysaccharides

In this study, the K. phaffii host strain YB-4290 was used to overex-
press and secrete rbLf (YB-4290.TT_bLf). When the rbLf is purified
from the fermentation broth using standard filtration-based DSP
methods followed by drying, the protein content is predominantly
full-length rbL; however, percent total protein by weight is low. As
much as 70% of the dry preparation by weight is carbohydrates
with only minor portions of moisture and ash (Fig. 1). The low pu-
rity rbLf powder sample was analyzed with mass spectrometry
(MS) to characterize the carbohydrate content (Bacalzo et al., 2023;
Xu et al., 2017). The MS method indicated less carbohydrate (41%)
than the batch record calculation (70%), although both methods
revealed a high proportion of carbohydrate in the product (Fig. 1).
While the MS method is accurate to analyze the ratio of differ-
ent structures, it may include loss of total product in the sam-
ple preparation steps leading up to MS analysis or lack of stan-
dards. The carbohydrates were analyzed with or without hydrol-
ysis to characterize either the total or free monosaccharide com-
position, respectively. The results show a very small amount of
free monosaccharides (<0.02%), while some of the carbohydrate
is present as polysaccharides (5.7%) (Fig. 1). The identities of the
polysaccharides were determined by comparing their fingerprint
chromatograms to that of 13 known polysaccharide standards.
The major polysaccharides in the rbLf sample are mannan, galac-
tomannan, and amylose (Fig. 1). About one third of the total car-
bohydrate mass could not be classified as either free monosaccha-
rides or polysaccharides. This fraction is called the “other carbo-
hydrates” in Fig. 1 and likely consists of mannose-based oligosac-
charides with a range in degree of polymerization.

The molecular weight of the polysaccharides in the rbLf sample
was analyzed using GPC, size-exclusion chromatography, which
indicates their average molecular weightis 50 kDa (Fig. 2). Because
the polysaccharide fraction is similar in molecular weight to the
lactoferrin, the two remain together during standard membrane-

based DSP filtration steps designed to target the 84-kDa lactoferrin
protein.

Exopolysaccharide Production Trends in
Fermentation From the Recombinant Bovine
Lactoferrin Strain

The strain YB-4290.TT_bLf was cultivated in 2-L fed-batch fer-
mentation using glucose as a carbon source and a pH shift from
4.8 to 5.2 on day 3. Under these conditions, the dry cell weight
(DCW) peaks near day 3 when the production phase starts and
remains relatively level throughout the rest of the fermentation
(Fig. 3). In contrast, the recombinant protein titer increases at a
near linear rate during the production phase. The EPS production
dynamics appear to mirror recombinant protein production and
not biomass accumulation (Fig. 3). No obvious signs of lysis were
observed during fermentation, and glycans from the rbLf itself
would expect to make a minor contribution to the total carbo-
hydrates measured. In some cases, the titer of carbohydrates was
six times greater than the amount of recombinant lactoferrin pro-
duced.

Exopolysaccharide Production Trends in
Fermentation From Different Host Strains
Producing Cutinase

Additional strains were built in order to test the impact of host
strain lineage and expression of a different, non-N-linked glyco-
sylated, recombinant protein on EPS production. For this study,
the well-expressed reporter protein Fusarium solani cutinase (cut)
(Uniprot ID Q99174) was expressed in the two most commonly
used lineages of K. phaffii, BG10 (closely related to Y-11430) and
YB-4290 (closely related to Y-7556) (Table 1). This also serves as
a control for the bovine lactoferrin strain built using the YB-4290
host. In these strains, cutinase expression is controlled using the
native methanol inducible promoter from the Aox1 gene.

The host strains BG10 and YB-4290 were grown using glucose
as a carbon source. The strain YB-4290 consistently produced



4 | Journal of Industrial Microbiology and Biotechnology, 2024, Vol. 51

(@)

carb fraction ., =

o Peak 1: 44 kDa .,
) | _
. | o
. 9 &
~— ¢ . g
E: 3
€ 3 Peak 1 . ‘;i
: =2

. : )

time (min)
(c) .
rbLf sample Ll
Peak 1: 43 kDa Y/ wo
l. } 8
5 . =
>
£ Peak 1 E
=3
time (min)

(b)

carb fraction + LF T -
(mix) LN -
i Peak 2: 52 kDa N R
= * Z
£ =
z « g
T a2 3
:: \. %
Peak 2 -
time (min)
(d)
Point Peak Max RT Mw
(mins)
1 20.11667 788000
2 21.08333 404000
3 22.10000 212000
4 23.01667 112000
5 24.08333 47300
6 25.00000 22800
7 25.73333 11800
8 26.40000 5900

Fig. 2. Gel permeation chromatography (GPC) was used to separate the protein and carbohydrate fractions of the recombinant bovine lactoferrin (rbLf)
samples and determine the average molecular weight of the carbohydrate component. GPC distribution analysis reports for (a) purified carbohydrate
fraction from rbLf sample, (B) an artificial mixture of purified rbLf protein and purified carbohydrate fraction, (c) the low purity rbLf sample (20%
protein and 70% carbohydrate by mass), and (d) standards derived from a pullulan polyS polymer were used to create standard curve dots seen on

each chromatogram.

Table 1. Description of K. phaffii Strains Used in This Study

Strains Used in This Study Source Recombinant Protein Expressed Genotype—Hoc1, Rsf2
YB-4290 (Y-7556, CBS 2612) NRRL None Both WT
YB-4290.TT_bLf This study Bovine lactoferrin Both WT
YB-4290.2_cutinase This study Cutinase Both WT

BG10 (Y-11430, CBS 7435) ATUM None Both truncated
BG11.2_cutinase This study cutinase Both truncated
more total carbohydrate than BG10. At the end of fermentation, Discussion

YB-4290 and BG10 had similar biomass DCW but YB-4290 pro-
duced significantly more total carbohydrate (Table 2 and Supp
lemental Fig. 4). NRRL, the Northern Regional Research Labora-
tory (aka National Center For Agricultural Utilization Research);
ATUM, atum.bio.; WT , wildtype.

The cutinase versions of these strains, BG11.2_cutinase and YB-
4290.2_cutinase, were tested in fermentation using glucose as a
carbon source during the batch phase and switching to methanol
during the production phase for induction of cutinase expression.
The two cutinase strains from the different host backgrounds se-
crete significantly different levels of the recombinant protein and
the YB-4290.2_cut strain produces close to double the amount
of cutinase and also twice the amount of EPS as the BG11.2_cut
strain (Table 2 and Supplemental Fig. 4). Although both cuti-
nase strains have elevated EPS production compared to the host
strains, seemingly stimulated by recombinant protein produc-
tion, it is difficult to say whether the total amount of EPS pro-
duced is due to differences in the recombinant protein titer or
differences in the host strain backgrounds. As expected, when the
carbohydrate composition of these broths was characterized by
electrophoresis and carbohydrate staining, the YB-4290 and YB-
4290.2_cutainase strains showed much stronger staining than the
BG10 and BG11.2_cutinase strains.

EPS Characterization

This study confirms the observation that K. phaffii produces an
abundance of EPS that accumulate during high-cell-density fed-
batch fermentation and further characterizes the composition,
structure, and size of these EPS (Steimann et al., 2024). In addition
to what has been reported in this study, future work is needed
to determine the composition of the uncharacterized carbohy-
drate fraction. This could include GPC separation or another size-
exclusion method. These isolated fractions could then be further
characterized by multiglycomic methods to confirm they are in-
deed mannose oligosaccharides.

EPS Linked to Recombinant Protein Production
and YB-4290 Lineage

In contrast to Steimann et al., this study reports a very different
effect of recombinant protein production and host lineage on the
EPS production. The host strains, BG10 and YB-4290, produce a
basal level of EPS that accumulates to 10-12 mg/ml by the end of
fermentation; YB-4290 producing slightly more than BG10. In both
host backgrounds, YB-4290 and BG10, overexpression of recombi-
nant protein, either cutinase or rbLf, leads to significantly higher
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Product Accumulation in Fermentation
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Fig. 3. Product accumulation over time from K. phaffii strain YB-4290.TT_bLf in fed-batch fermentation. The average dry cell weight (DCW),
carbohydrate production (carb), and lactoferrin production (rbLf) are displayed as percentage of highest titer observed for the set and are shown over
the course of the fermentation. This data represents the average of 12 independent fermentations (<10% coefficient of variation (CV) for each data

point).

Table 2. A Comparison of the Final Amounts of Carb (Carbohydrate), DCW (Dry Cell Weight), and rPOI (Recombinant Protein of Interest,

Either rbLf or Cutinase) Produced in Fed-Batch Fermentation

Strain % of Max % of Max % of Max % Max Carb % Max rPOI % Max Carb
DCW Carb rPOI Normalized to DCW Normalized to DCW Normalized to rPOI
BG10 94% 21% n/a 19% n/a n/a
YB-4290 100% 28% n/a 23% n/a n/a
BG11.2_cut 80% 35% 8% 37% 8% 100%
YB-4290.2_cut 78% 60% 16% 65% 17% 87%
YB-4290.TT_bLf 83% 100% 100% 100% 100% 23%

Note. The percentage of maximum is relative to this set of data. The values are from the end of fermentation time point; for the rbLf strain this is day 6 and for all
others it is day 5. For the rbLf strain this data is the average of 12 independent fermentations and for all others it is from a single fermentation.

EPS levels compared to the host strains not overexpressing recom-
binant protein (Table 2). In addition, EPS production dynamics ap-
pears to mirror recombinant protein production and not biomass
accumulation. This interesting observation that overexpression
of recombinant protein stimulates EPS production is surprising
and in contrast to the findings of Steimann et al. In comparison
to the rbLf strain, the cutinase strains secrete significantly less
recombinant protein; however, there is no obvious correlation be-
tween recombinant protein titer and total amount of EPS pro-
duced.

Genetic Influence

Although these experiments suggest a positive correlation be-
tween recombinant protein production and EPS production, it is
still unclear the impact of the host on total EPS productivity or the
genetic mechanisms for EPS production. However, it is interesting
to speculate that the host genotype could contribute to the EPS
phenotype. The two host strain lineages used in this study were
previously reported to contain single nucleotide polymorphisms
(SNPs) at the Hoc1, Rsf2 and Sef1 loci; the Hoc1 and Rsf2 SNPs both
result in truncations (Brady et al., 2020; Claes et al., 2024; Offei et
al.,, 2022) (Table 1). Hocl is an a-1,6-mannosyltransferase involved
in cell wall mannan biosynthesis, and the truncation has been cor-

related with the thin cell wall phenotype of the BG10 lineage (Offei
et al., 2022). Rsf2 is a putative zinc finger transcription factor, re-
sponsible for controlling genes required for glycerol-based growth,
respiration, cellular morphogenesis, and alcohol metabolism and
cell wall remodeling (Brady et al., 2020). It is possible that one or
both of these truncations in BG10lead to loss of function, resulting
in a thin cell wall phenotype and the lower levels of EPS secretion
observed in this report. Conversely, the wildtype version of these
proteins in the YB-4290 lineage could result in the thicker cell wall
along with the hyperaccumulation of EPS observed. Future work
is required to test the linkage between host genotype and the cell
wall thickness phenotype.

Source of EPS

Research with the model yeast Saccharomyces cerevisize demon-
strated that the cell wall is primarily composed of polysaccharide
(68%-75% by dry weight), and is evenly balanced between glu-
can and mannan structures (Baek et al,, 2024; Klis et al., 2002;
Kogan & Kocher, 2007; Roelofsen, 1953). The glucans are synthe-
sized at the cell wall whereas the mannans are added to the cell
wall proteins in the secretory pathway. These mannosylated pro-
teins are then transported to the cell wall in the same secretory
vesicles used for recombinant protein secretion. The cotransport
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of both the EPS and recombinant protein could explain the cor-
relation between production dynamics in fermentation as well as
the significant stimulation of EPS in strains overexpressing recom-
binant protein. In contrast to cell wall polysaccharides enriched
in glucose, the EPS are primarily mannose-based, likely originat-
ing from the cell wall mannoproteins. However, it is surprising
that yeast would produce such an abundance of soluble mannans
not associated with the cell wall. Stress from recombinant pro-
tein production or the unfolded protein response may disrupt the
mannosylation pathway, leading to an overload of secretory vesi-
cles with free mannans. Strains with truncations in the Hoc1l and
Rsf2 may have impaired mannosylation, resulting in lower levels
of secreted EPS.
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