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Genetics and Molecular Biology of Industrial Organisms – Short Communication 

Char acteriza tion of the exopolysaccharides produced by 

the industrial yeast K oma gataella phaffii 
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Abstract: The yeast Komagataella phaffii has become a popular host strain among biotechnology start-up companies for producing 
r ecombinant pr oteins for food and adult n utrition applications. Komagataella phaffii is a host of choice due to its long history of safe 
use, open access to protocols and strains, a secr etome fr ee of host proteins and proteases, and contract manufacturing organizations 
with deep knowledge in bioprocess scale-up . Ho wever, 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 r equir es specialized and costly downstream processing 
ste ps for r emov al. In this study, we describe the use of the common K. phaffii host strain YB-4290 for production of the bioacti v e 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 av era ge molecular weight of 50 kDa and consists mainly of 
mannan, galactomannan, and am ylose . In addition, a large fr action of the carbohydr ate has an unknown structur e likel y composed of 
oligosacc harides. Additional str ains w ere tested in fermentation to further understand the sour ce of the carbohydr ates. The commonly 
used industrial hosts, BG10 and YB-4290, produce a basal lev el of exopol ysaccharide; YB-4290 pr oducing slightl y mor e than BG10. 
Ov er expr ession of r ecombinant pr otein stim ulates exopol ysaccharide pr oduction well a bov e lev els pr oduced by the host str ains alone . 
Overall, this study aims to provide a foundation for developing methods to impr ov e the economics of recombinant protein production 

using K. phaffii as a production host. 

One-Sentence Summary: Ov er expr ession of r ecombinant pr otein stim ulates the hyperpr oduction of high-molecular-weight, 
mannose-based, exopolysaccharides by the industrial yeast Komagataella phaffii . 

Ke yw or ds: Exopolysacc haride (EPS), Recombinant protein production, Precision fermentation, Komagataella phaffii (K. phaffii) , Pichia 
pastoris (P. pastoris) 
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EPS: exopol ysacc haride 
K. phaffii : Komagataella phaffii 

rbLf: recombinant bovine lactoferrin 

GPC: gel permeation c hr omatogr a phy 
MS: mass spectrometry 
DSP: downstr eam pr ocessing 
DCW: dry cell weight 
Cut: cutinase 
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he industrial y east, K omagataella phaffii (K. phaffii) , is reno wned
or its application in developing recombinant proteins across di- 
 erse pr oduct categories fr om industrial enzymes to ther a peutic
ntibodies. Mor e r ecentl y, biotec hnology start-up companies hav e
uccessfully emplo y ed K. phaffii for the pr oduction of r ecombi-
ant proteins with a range of applications in food from texture,
avor, smell, nutritional content, and health benefits (Barone et 
l., 2023 ). Examples of some of these products and companies
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nclude heme proteins (Motif FoodWorks and Impossible Foods),
gg white proteins (The Every Company), milk proteins (Perfect
ay and Remilk), and sweet proteins (Oobli) ( Supplemental Tabl
 3 ). 

TurtleTree is producing lactoferrin as a food ingredient in se-
ect food and be v er a ge a pplications using K. phaffii as a pr o-
uction host. Lactoferrin is an iron-binding glycoprotein nat-
r all y occurring in mammalian m ucosal secr etions (i.e., milk
nd saliva) and in neutrophil granules. Apart from its main bi-
logical function, namely binding and transporting iron ions,
actoferrin also has antibacterial, antivir al, antipar asitic, anti-
ancer, and antiallergic functions and properties (Gar cía-Monto y a
t al., 2012 ). Bovine lactoferrin is a 689-amino acid gl ycopr o-
ein with a molecular weight of 80–87 kDa (Hurley et al., 1993 ).
ative bovine lactoferrin (bLf) has five putative N -linked glyco-

ylation sites and is present in bovine milk in different glyco-
orms, of which the most abundant glycoform has four of the
ites occupied with heter ogeneous gl ycan structur es (Wei et al.,
000 ). 

Despite the adv anta ges of this platform host and the favor-
ble qualities of the products it can produce, secreted proteins
r oduced fr om these str ains can be pla gued by the pr esence of
nwanted pol ysacc harides, known as exopol ysacc harides (EPS)

Denton et al., 1998 ; Pan et al., 2022 , Trimble et al., 1991 ). Dur-
ng high cell density fed-batch fermentation, K. phaffii strains have
een known to produce EPS at concentrations up to 8.7 g/L in the
upernatant (Steimann et al., 2024 ). To effectiv el y r emov e these
ol ysacc harides, additional downstr eam pr ocessing (DSP) steps,
uc h as c hr omatogr a phy, ar e necessary (Li et al., 2018 ; O’Leary et
l., 2004 ). Unfortunately, these additional DSP procedures are both
ostly and time-consuming for manufacturers. 

The r esearc h r egarding the origins of these carbohydr ates
nd the influences of manufacturing pr ocesses r emains lar gel y
nexplored. Steimann et al. ( 2024 ) summarize the existing
nowledge of EPS, and emphasize that beyond the detection
f EPS noted in some liter atur e and basic structural infor-
ation, ther e lac ks a concr ete understanding of this com-
on and undesired coproduct. The industry needs a solution

or incr easing pr oduct purity in a cost-effective and efficient
anner. 
The objective of this study was to deepen our understanding of

he composition and source of the EPS produced by K. phaffii dur-
ng fermentation. Characterization of the EPS molecular weight
nd structure is necessary to ensur e pr oduct safety and inform
SP methods to ac hie v e higher purity pr oducts. Exploring how
ost lineage and the stress of recombinant protein production in-
uence pol ysacc haride formation can help support strain or pro-
ess engineering techniques to reduce or eliminate EPS produc-
ion or accumulation. In ad dition, this stud y re ports on the de v el-
pment and implementation of methods to monitor and tr ac k EPS
e v els during upstr eam and downstr eam pr ocess optimization for
PS reduction. The information provided in this study serves as
 starting point for streamlining purification and manufacturing
ethods to ac hie v e high purity pr oducts with low-cost DSP for K.

haffii . 

aterials and Methods 

trains 

omagataella phaffii strains BG10, YB-4290, YB-4290.TT_bLf,
G11.2_cutinase (BG10, �Aox1, extra copy of Hac1, cutinase),
nd YB-4290.2_cutinase (YB-4290, �Aox1, extra copy of Hac1,
utinase). 
 ed-Batch F ermentations 

ll fed-batch fermentations were carried out using 2-L glass ves-
els equipped with inline control of temperature, pH, feed rate,
issolved oxygen, and mixing. Depending on the strain, the car-
on source, pH, and duration of the fermentation varied. For all
tr ains, the pr oduction phase was set to tar get a low gr owth r ate
imilar to what is described in liter atur e (Life Technologies Invit-
ogen, 2002 ; Looser et al., 2015 ). Chemically defined FM22 media
nd PTM salts were used for all fermentations. 

otal Carbohydr a te Assay 

he anthrone–sulfuric acid microplate assay adapted from Leyva
t al. ( 2008 ) was used to determine total carbohydrate mass . T he
igma product M2069-5 G, d- ( + )-mannose was used to prepare a
tandard curve. 

arbohydr a te Linkage, Monosaccharide, and 

olysaccharide Composition Analysis 

he follo wing w ere carried out b y the Lebrilla Lab at the Uni-
ersity of California, Da vis , as described in pr e vious publica-
ions (Bacalzo et al., 2023 ; Couture et al., 2024 ; Galermo et al.,
018 ; Xu et al., 2017 ). The carbohydr ate gl ycosidic linka ge anal-
sis and monosaccharide analysis were performed using ultra
igh-performance liquid c hr omatogr a phy coupled with triple-
uadrupole mass spectrometry (UHPLC/QqQ-MS). The polysac-
 haride anal ysis was carried out using high-performance liq-
id c hr omatogr a phy–quadrupole time-of-flight mass spectr ome-
ry (HPLC/QT OF-MS). T he follo wing sets of standar ds w ere used
or quantification and identifications. Linkage analysis standards
ncluded a library of 22 glycosidic linkages prepared using com-

er cial oligosaccharide standar ds . P olysaccharide analysis stan-
ards included a set of 13 pol ysacc harides commonl y found in
ood. Monosacc haride anal ysis standards included a pooled set
f standards containing the 15 most common monosaccharides
ound in food. 

arbohydr a te Molecular Weight Analysis 

el permeation c hr omatogr a phy (GPC) w as carried out b y McGill
ni versity, De partment of Chemistry. A Shodex LB-806 M OH pak
olumn and a r efr activ e index detector were used for detection.
 pullulan pol yS pol ymer was used to gener ate a standard curv e

Shodex) (Arnling Bååth et al., 2018 ; Čížová et al., 2017 ; Verhert-
ruggen et al., 2019 ). 

otal Composition Analysis of Low Purity rbLf 
ample 

urofins performed the following assays on the rbLf sample: ash
Eurofins method code FS044-1), total protein (Eurofins method
ode FSO4U-3), and bovine lactoferrin (Eurofins method code
S313-1). Moisture content was determined by drying and weigh-
ng. In this case, the total percent carbohydrate by weight was cal-
ulated by subtracting the mass of moisture, ash, and total protein
rom the total weight and then dividing by total dry weight. 

ovine Lactoferrin Quantification By HPLC 

n Agilent 1260 HPLC, equipped with a Agilent Poroshell 300SB-
8, 5-um column, and an Agilent Multi Wavelength Detector

220 nm), was used for rbLf sample resolution and detection.
ovine lactoferrin deriv ed fr om milk (Sigma L047) was used to pre-
are a standard curve. 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae046#supplementary-data
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Fig. 1. Composition and abundance of the carbohydrates in the low purity recombinant bovine lactoferrin (rbLf) sample. (a) Approximate composition 
b y w eight of the lo w purity rbLf sample as determined b y the assays performed b y Eur ofins, (b) anal ysis of the carbohydr ate type , abundance , and 
composition, and (c) structure of the major polysaccharides found in the sample. Note. G = glucose; Gal = galactose; M = mannose. 
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Results 

K oma gataella Phaffii Produces 

High-Molecular-Weight, Mannose 

Exopolysaccharides 

In this study, the K. phaffii host strain YB-4290 was used to overex- 
pr ess and secr ete rbLf (YB-4290.TT_bLf). When the rbLf is purified 

from the fermentation broth using standard filtration-based DSP 
methods follo w ed b y drying, the pr otein content is pr edominantl y 
full-length rbL; ho w e v er, percent total pr otein b y w eight is lo w. As 
m uc h as 70% of the dry pr epar ation 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 c har acterize the carbohydr ate 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 
r e v ealed a high proportion of carbohydrate in the product (Fig. 1 ).
While the MS method is accurate to anal yze the r atio of differ- 
ent structures, it may include loss of total product in the sam- 
ple pr epar ation steps leading up to MS analysis or lack of stan- 
dards . T he carbohydrates were analyzed with or without hydrol- 
ysis to c har acterize either the total or fr ee monosacc haride com- 
position, r espectiv el y. The r esults show a very small amount of 
fr ee monosacc harides ( < 0.02%), while some of the carbohydrate 
is present as polysaccharides (5.7%) (Fig. 1 ). The identities of the 
pol ysacc harides wer e determined by comparing their fingerprint 
c hr omatogr ams to that of 13 known pol ysacc haride standards.
The major pol ysacc harides 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 pol ysacc harides . T his 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 pol ysacc harides in the rbLf sample 
was analyzed using GPC, size-exclusion chromatography, which 

indicates their av er a ge molecular weight is 50 kDa (Fig. 2 ). Because 
the pol ysacc haride fr action is similar in molecular weight to the 
lactoferrin, the two remain together during standard membrane- 
ased DSP filtration steps designed to target the 84-kDa lactoferrin
rotein. 

xopolysaccharide Production Trends in 

ermentation From the Recombinant Bovine 

actoferrin Strain 

he strain YB-4290.TT_bLf was cultivated in 2-L fed-batch fer- 
entation using glucose as a carbon source and a pH shift from

.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
 emains r elativ el y le v el thr oughout the r est of the fermentation
Fig. 3 ). In contrast, the recombinant protein titer increases at a
ear linear rate during the production phase . T he EPS production
ynamics appear to mirror recombinant protein production and 

ot biomass accumulation (Fig. 3 ). No obvious signs of lysis were
bserved during fermentation, and glycans from the rbLf itself 
ould expect to make a minor contribution to the total carbo-
ydr ates measur ed. In some cases, the titer of carbohydrates was
ix times greater than the amount of recombinant lactoferrin pro-
uced. 

xopolysaccharide Production Trends in 

ermentation From Different Host Strains 

roducing Cutinase 

dditional strains were built in order to test the impact of host
tr ain linea ge and expr ession of a differ ent, non- N -linked gl yco-
ylated, r ecombinant pr otein on EPS pr oduction. For this study,
he well-expr essed r eporter pr otein Fusarium solani cutinase (cut)
Uniprot ID Q99174) was expressed in the two most commonly
sed lineages of K. phaffii , BG10 (closely related to Y-11430) and
B-4290 (closely related to Y-7556) (Table 1 ). This also serves as
 control for the bovine lactoferrin strain built using the YB-4290
ost. In these strains, cutinase expression is controlled using the
ative methanol inducible promoter from the Aox1 gene. 

The host strains BG10 and YB-4290 were grown using glucose
s a carbon source . T he str ain YB-4290 consistentl y pr oduced
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Fig. 2. Gel permeation c hr omatogr a phy (GPC) was used to separate the protein and carbohydrate fractions of the recombinant bovine lactoferrin (rbLf) 
samples and determine the av er a ge molecular weight of the carbohydrate component. GPC distribution analysis reports for (a) purified carbohydrate 
fr action fr om rbLf sample, (B) an artificial mixtur e of purified rbLf pr otein and purified carbohydr ate fr action, (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 
eac h c hr omatogr am. 

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 
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ore total carbohydrate than BG10. At the end of fermentation,
B-4290 and BG10 had similar biomass DCW but YB-4290 pro-
uced significantly more total carbohydrate (Table 2 and Supp

emental Fig. 4 ). NRRL, the Northern Regional Research Labora-
ory (aka National Center For Agricultural Utilization Research);
TUM, atum.bio.; WT , wildtype. 

The cutinase versions of these strains, BG11.2_cutinase and YB-
290.2_cutinase, were tested in fermentation using glucose as a
arbon source during the batch phase and switching to methanol
uring the production phase for induction of cutinase expression.
he two cutinase strains from the different host backgrounds se-
r ete significantl y differ ent le v els of the r ecombinant pr otein and
he YB-4290.2_cut str ain pr oduces close to double the amount
f cutinase and also twice the amount of EPS as the BG11.2_cut
train (Table 2 and Supplemental Fig. 4 ). Although both cuti-
ase strains have elevated EPS production compared to the host
tr ains, seemingl y stim ulated by r ecombinant pr otein pr oduc-
ion, it is difficult to say whether the total amount of EPS pro-
uced is due to differences in the recombinant protein titer or
ifferences in the host strain backgrounds. As expected, when the
arbohydrate composition of these broths was characterized by
lectr ophor esis and carbohydrate staining, the YB-4290 and YB-
290.2_cutainase strains sho w ed much stronger staining than the
G10 and BG11.2_cutinase strains. 
iscussion 

PS Char acteriza tion 

his study confirms the observation that K. phaffii produces an
bundance of EPS that accumulate during high-cell-density fed-
atch fermentation and further characterizes the composition,
tructure, and size of these EPS (Steimann et al., 2024 ). In addition
o what has been reported in this study, future work is needed
o determine the composition of the unc har acterized carbohy-
r ate fr action. This could include GPC separ ation or another size-
xclusion method. These isolated fractions could then be further
 har acterized by m ultigl ycomic methods to confirm they are in-
eed mannose oligosaccharides. 

PS Linked to Recombinant Protein Production 

nd YB-4290 Lineage 

n contrast to Steimann et al., this study reports a very different
ffect of r ecombinant pr otein pr oduction and host linea ge on the
PS production. The host strains, BG10 and YB-4290, produce a
asal le v el of EPS that accum ulates to 10–12 mg/ml by the end of
ermentation; YB-4290 pr oducing slightl y mor e than BG10. In both
ost bac kgr ounds, YB-4290 and BG10, ov er expr ession of r ecombi-
ant protein, either cutinase or rbLf, leads to significantly higher

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae046#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuae046#supplementary-data
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Fig. 3. Pr oduct accum ulation ov er time fr om K. phaffii str ain YB-4290.TT_bLf in fed-batc h fermentation. T he a v er a ge dry cell weight (DCW), 
carbohydr ate pr oduction (carb), and lactoferrin pr oduction (rbLf) ar e display ed as per centa ge of highest titer observ ed for the set and ar e shown ov er 
the course of the fermentation. This data r epr esents the av er a ge 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 
DCW 

% of Max 
Carb 

% of Max 
rPOI 

% Max Carb 
Normalized to DCW 

% Max rPOI 
Normalized to DCW 

% Max Carb 
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 av er a ge of 12 independent fermentations and for all others it is from a single fermentation. 
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EPS le v els compar ed to the host strains not ov er expr essing r ecom- 
binant protein (Table 2 ). In addition, EPS production dynamics ap- 
pears to mirr or r ecombinant pr otein pr oduction and not biomass 
accum ulation. This inter esting observ ation that ov er expr ession 

of r ecombinant pr otein stim ulates EPS pr oduction is sur prising 
and in contrast to the findings of Steimann et al. In comparison 

to the rbLf strain, the cutinase strains secrete significantly less 
r ecombinant pr otein; ho w e v er, ther e is no ob vious corr elation be- 
tween recombinant protein titer and total amount of EPS pro- 
duced. 

Genetic Influence 

Although these experiments suggest a positiv e corr elation 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. Ho w ever, it is interesting 
to speculate that the host genotype could contribute to the EPS 
phenotype . T he two host strain lineages used in this study were 
pr e viousl y r eported to contain single nucleotide pol ymor phisms 
(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 ). Hoc1 is an α-1,6-mannosyltr ansfer ase involv ed 

in cell wall mannan biosynthesis, and the truncation has been cor- 
elated with the thin cell wall phenotype of the BG10 lineage (Offei
t al., 2022 ). Rsf2 is a putative zinc finger tr anscription factor, r e-
ponsible for controlling genes required for glycerol-based growth,
 espir ation, cellular mor phogenesis, and alcohol metabolism and
ell wall remodeling (Brady et al., 2020 ). It is possible that one or
oth of these truncations in BG10 lead to loss of function, resulting

n a thin cell wall phenotype and the lower le v els of EPS secretion
bserved in this report. Conversely, the wildtype version of these
roteins in the YB-4290 lineage could result in the thicker cell wall
long with the hyper accum ulation of EPS observ ed. Futur e work
s r equir ed to test the linkage between host genotype and the cell
all thickness phenotype. 

ource of EPS 

esearch with the model yeast Sacc harom yces cerevisiae demon-
trated that the cell wall is primarily composed of pol ysacc haride
68%–75% by dry weight), and is e v enl y balanced between glu-
an and mannan structures (Baek et al., 2024 ; Klis et al., 2002 ;
 ogan & K ocher, 2007 ; Roelofsen, 1953 ). The glucans are synthe-
ized at the cell wall whereas the mannans are added to the cell
all proteins in the secretory pathwa y. T hese mannosylated pro-

eins are then transported to the cell wall in the same secretory
esicles used for recombinant protein secretion. The cotransport 
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f both the EPS and r ecombinant pr otein could explain the cor-
 elation between pr oduction dynamics in fermentation as well as
he significant stimulation of EPS in strains overexpressing recom-
inant protein. In contrast to cell wall polysaccharides enriched

n glucose, the EPS are primarily mannose-based, likely originat-
ng from the cell wall mannoproteins. Ho w ever, it is surprising
hat y east w ould pr oduce suc h an abundance of soluble mannans
ot associated with the cell wall. Stress from recombinant pro-
ein production or the unfolded protein response may disrupt the

annosylation pathway, leading to an overload of secretory vesi-
les with free mannans. Strains with truncations in the Hoc1 and
sf2 may hav e impair ed mannosylation, r esulting in lo w er le v els
f secreted EPS. 
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