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Enhanced heterologous gene expression in
diploid cells of methylotrophic yeast Hansenula
(Ogataea) polymorpha

ABSTRACT

The expression of bacterial gusA gene encoding for E. coli enzyme B-
glucuronidase in haploid and diploid cells of methylotrophic yeast Hansenula
(Ogataea) polymorpha was studied. Haploid strains were transformed with
plasmid carrying gusA gene under the control of strong alcohol oxidase (AOX)
promoter and several Gus™ transformants were isolated. They were crossed with
wild type strains lacking Gus activity. The resulting diploids were sporulated and
several meiotic segregants with increased Gus activity were isolated. Some of
these segregants were crossed and the corresponding diploid strains were
obtained. It was found that Gus activity of diploid strains was twice higher
compared to haploids, whereas Gus activity of diploids was increased about six
fold compared to those of haploids. Our results can be used as an approach for

development of yeast strains with elevated expression of heterologous proteins.
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Introduction

At present, a variety of heterologous expression systems
is available to cover the need for various proteins that can be
used for fundamental structure/function analysis and for
biotechnological and pharmaceutical purposes. Among these
systems, the methylotrophic yeast Ogataea (Hansenula)
polymorpha is now recognized as a preferred organism for
the production of various recombinant proteins in industrial
scale. Product examples range from therapeutics such as
hepatitis B vaccines (Schaefer et al., 2002) to industrial
enzymes like the feed additive phytase (Mayer et al., 1999).
The popularity of this yeast is due to several advantages like
availability of very strong and tightly regulated promoters
from the genes involved in methanol metabolism, the ability
to grow to very high cell densities on even simple mineral
media, as well as a high stability of expression plasmids
(Gellisen et al., 1995; Gellisen et. al., 2005; Kang &
Gellissen, 2005). Furthermore, it has been observed that N-
linked oligosaccharide chains of glycoproteins from O.
polymorpha are relatively less extensive than those from
Saccharomyces cerevisiae (Rodriguez et al., 1996; Kang et
al., 1998).
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O. polymorpha is a perfect ascomycetous yeast and is
able to shift from one ploidy level to the other by typical
sexual process. Well-developed methods for classical genetic
analysis in this yeast (Gleeson & Sudbery, 1988; Lahtchev et
al., 2002) facilitate engineering of the cellular processes
important for protein expression. However, until now, the
production of heterologous proteins in O. polymorpha has
been mainly achieved using haploid strains and diploids were
avoided. The reasons for such ignorance probably are in the
historically accepted opinion that the diploid phase of O.
polymorpha is very short and unstable (Teunison et al.,
1960). However, our recent experiments revealed that diploid
O. polymorpha cells are moderately stable during mitotic
divisions and can be wused for industrial cultivations
(Lahtchev, unpublished data). Utilization of strains with
elevated ploidy is widely used in yeast industry because it is
accepted that elevated ploidy might provide benefits of
various characteristics including increased cell size (Weiss et
al., 1975), shorter generation time (Petrov, 2001), ecological
tolerances (Lewis, 1980), and various reproductive traits
(Otto & Whitton, 2000). For such reasons there are many
laboratory attempts to isolate industrial strains with elevated
ploidy, mainly by conventional crosses or protoplast fusion.
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Isolation of diploid strains is essential part of our
investigation on genetic controls of mating pathway in O.
polymorpha. Here we describe results from investigations on
expression of heterologous bacterial enzyme glucuronidase
(Gus) in haploid and diploid cells of methylotrophic yeast O.
polymorpha. The data presented suggests that doubling of
chromosome number in recombinant yeast cells results in
increasing of Gus enzyme activity and indicate that
construction of diploid strains carrying heterologous gene(s)
is promising approach for improvement of strain
productivity.

Materials and Methods

Strains and plasmids

The isolation and construction of multiply marked strains
belonging to O. polymorpha CBS 4732T genetic breeding
stock were previously described (Lahtchev et al., 2002).
Auxotrophic mutations argl, pur2,5, leu2-2, ura3-11, cause
requirement for arginine, adenine, leucine and uracil for
growth, respectively. The gusA is an E.coli gene encoding for
B-glucuronidase enzyme. The phenotype Gus+ means the
presence of B-glucuronidase and the phenotype Gus-
indicates the absence of such activity. The genotypes of
haploid and diploid strains used are listed at Table 1A. The
plasmid pX4GusA (Figure 1) was kindly orovided from Dr T.
Alamae, Tartu University, Tartu, Estonia (Suppi et al., 2013)

Media and cultivation conditions

Yeast strains were grown in the following rich media:
YPD, containing 1% (w/v) yeast extract, 2% (w/v) peptone
(Alfa Aesar GmbH&Co KG, Karlsruhe, Germany), and 2%
(w/v) glucose; YPGcr and YPMth are the same YPD media
but except glucose they were supplemented with 2% glycerol
in the case of YPGcr or 1% methanol in the case of YPMth.

MIN (synthetic minimal medium) contains 0.67% yeast
nitrogen base without amino acids (YNB, Alfa Aesar) and
2% (w/v) glucose); SC (synthetic complete medium) that is
MIN medium, supplemented with arginine, adenine, leucine,
uracil or methionine (Sigma-Aldrich Co., St. Luis, USA),
added to a final concentration of 50 pg/ml; Drop out media
(SC-Leu, SC-Ade) that is SC medium deficient in one of the
listed above amino acids or purine. SPOMAL medium,
containing 1% maltose (w/v) (Sigma-Aldrich) was used for
induction of sporulation and mating competence of O.
polymorpha strains. When it was needed the media were
solidified by addition of 2% agar (Oxoid, Thermo Fisher
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Scientific, Hampshire, UK).

All strains were cultivated aerobically, with vigorous
shaking at 37°C. The experiments for induction of
sporulation or mating competence were performed at 27°C.

Plasmid DNA purifications were done by GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific Inc.).

Table 1. Designation and genotypes of main haploid and
diploid strains used.

Strain Genotype

ADE3 pur2,5 leu2 ura3

11A leu2 argl

1- Leu2 Gus+ pur2,5ura3 leu2:: LEU2 GUSA
1-Argl Gus+ argl leu2:: LEU2 GUSA

1-Pur2,5 Gus+ pur2,5 leu2:: LEU2 GUSA

2-Pur2,5 Gus+ pur2,5 leu2:: LEU2 GUSA

3-Pur2,5 Gus+ pur2,5 leu2:: LEU2 GUSA

argl/+ leu2:: LEU2 GUSA/ argl

1-GUSD leu2:: LEU2 GUSA +/pur2,5
i +/pur2,5 argl/+ leu2:: LEU2
2-GUSD GUSA/ argl leu2:: LEU2 GUSA
i +/pur2,5 argl/+ leu2:: LEU2
3-GUSD GUSA/ argl leu2:: LEU2 GUSA
1- ALGUS pur2,5/+ leu2/ leu2:: LEU2

GUSA ura3/+ +/argl +/rpml

O. polymorpha transformations

O. polymorpha transformation was performed by
electroporation according to the method of Faber et al.,
(1994) using 100 ul cell suspension, 0.2 mm cuvette and
MicroPulser electroporator (Bio-Rad Laboratories Inc., Life
Science Group, Hercules, CA, USA). The transformed cells
were plated onto synthetic complete media deficient in
leucine (SC-Leu) and grown for 5 - 7 days. The Leu*Gus"
transformants were identified and further characterized.

Determination of f-glucuronidase (Gus) activity

Two kinds of assays were used: 1) qualitative microtitre
plate tests on permeabilized cells; 1) quantitative enzyme
assay in crude cell extracts. For both assays cells were
initially pre-grown on glycerol containing (YPGcr) media for
48 hours for derepression of the AOX promoter and after that
incubated for 24 hours on methanol-containing (YPMth)
media for induction of the AOX promoter. Strain incubations
were performed on solid media in the cases of qualitative
microtitre plate tests whereas in experiments for quantitive
enzyme assay cells were grown in 500 ml flasks containing
100 ml of corresponding media. For the qualitative microtitre

http://www.jbb.uni-plovdiv.bg

DOI: 10.69085/jbb20143247



ISSN: 1314-6246

Stoyanov et al.

J. BioSci. Biotech. 2014, 3(3): 247-252.

RESEARCH ARTICLE

plate tests cells from solid YPMth media were suspended into
wells of 96-well transparent flat-bottom microtitre plate
(655101, Greiner bio-one, Germany) filled with 150 pl buffer
(containing 50mM K-phosphate, 0.01mM EDTA, pH7.0 and
0.1% CTAB (cetyl trimethyl ammonium bromide). Microtitre
plates were incubated on shaker for 60 minutes at 37 °C for
cell permeabilization (Alamde & Jarviste, 1995). Then (-
glucuronidase reaction was initiated by adding 35 pl 5SmM p-
NPG (p-nitrophenyl B-D glucuronide). The appearance of
yellow color was indicative for presence of B-glucoronidase
activity (Gus* phenotype) whereas cells lacking Gus activity
remain uncolored (Gus™ phenotype). Crude cell extracts were
prepared according to van der Klei et al. (1991). Protein
concentrations were determined by the Bradford method
(Bradford, 1976) using bovine serum albumin as standard.
Determination of B-Glucuronidase activity in crude cell
lysates was performed according to the method adapted by
Wilson et al. (1992) The Gus activity was determined by
measuring the increase in absorbance at 405 nm caused by
the hydrolysis of p-nitrophenyl-p-D-glucoronide (pNPG) at
37°C, pH 7.0, using standard curve obtained by measuring
various amounts of pNPG. One enzyme unit (EU) was
determined as the quantity of enzyme that liberates 1 pmol
pNP under the above conditions for one minute.

EcoRI - 8933 - G'AATT C

BamHI - 7601 - G'GATC C _
Afel - 7226 - C'AATT_G
)RI-T7072 - G'AATT C \\ ;
HI - 7066 - G'GATC_C \
~7059 - GC'GGCC_GC

I - 7052 - A'AGCT_T 7

o1- 6518 - C'TCGA_G —Y;

Xhol - 3736 - C'TCGA_G N
Xhol -5565 - C'TCGA_G "/'/,
Spel - 3304 - A'CTAG_Y /
5497 - AT'CG_AT - dam methylated!

|
Clal - 4543 - AT'CG_AT

Other methods

Classical genetic analysis of O. polymorpha strains was
performed according to the methods described by Gleeson &
Sudbery (1988) and Lahtchev et al. (2002). The mating was
assayed by auxotrophic marker complementations as
previously described (Lahtchev et al., 2002). Haploid strains
were plated as wide parallel lines on two YPD plates and
incubated overnight at 37°C. The haploid strains were
crossed and transferred for induction of mating competence
on sporulation medium SPOMAL. After three days of
incubations at 27°C the crossed strains were replica plated on
MIN medium. On that medium parental haploid strains were
unable to grow, in contrast to the resulting diploid cells. The
appearance of confluent diploid growth on mating squares on
plates with MIN medium was indicative for successful
mating events. The diploid nature of the hybrids was
confirmed by several criteria: larger size of its colonies and
cells, doubled DNA content, segregation of parental
auxotrophic markers and FACS analysis. From the crossing
experiments several diploid strains (Table 1A) were isolated
and used for determination of Gus activities.

SuII 6-G'TCGA_C
Xmal 11-C'CCCGG_G
— Smal - 13 - C‘C'(, GGG

Nl - 789 - G'C (e
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R  Kpnl-1694-G (.l\("(‘
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T Mfel - 2107 - C'AATT_G

Bglll - 3013 - A'GATC_T

S/nl - 3486 - A'CTAG_T

Xhol - 4450 - C'TCGA_G

Figure 1. Genetic map of the plasmid pX4GusA. Kan — gene encoding for kanamycin resistance. LEU2 — LEU2 gene from S.
cerevisiae encoding for isopropylmalate dehydrogenase. pMOX — promoter of alcoholoxydase gene from O. polymorpha. gusA
— gusA gene from E. coli. Note: Not all restriction sites are shown on the picture.
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Results and Discussion

In molecular biology, B-glucuronidase enzyme (EC
3.2.1.31) is widely used as a reporter to monitor gene
expression in yeast, mammalian and plant cells. Utilization of
gusA as a reporter gene in yeast genetics gives possibility for
visual detection of clones with Gus activity as well as for
rapid, simple and cheap determination of the Gus amounts in
the cells. Additionally gusA has been already used as a
reporter gene in expression experiments with O. polymorpha
strains (Viigand et. al., 2005; Suppi et al., 2013). The plasmid
pX4GusA, when gusA gene is under the control of O.
polymorpha AOX promoter (Paox) Was used. This very
strong and tightly regulated promoter is regarded as a tool of
choice to provide high gene expression levels in O.
polymorpha. Paox regulates expression of the alcohol oxidase
(AOX) enzyme that catalyzes the first step of methanol
metabolism pathway. Paox is fully repressed by glucose or
ethanol and strongly induced by methanol. When glucose
concentration is low (e.g. in the late exponential batch culture
or glucose limited conditions Pox is derepressed, resulting in
considerable expression levels. Derepression also occurs
when cells are grown in batch cultures on glycerol as sole
carbon source. In glycerol grown cells the alcoholoxidase
levels can reach up to 30-70% of the maximal values (van der
Klei et. al., 2006). The cultivation scheme used in our work
consists of two steps: growth on glycerol containing YPGcr
media to achieve high cell densities and derepression of Paox
followed by incubations on methanol containing media for
induction of P,ox This gives possibility to obtain high levels
of the Gus enzyme. Utilization of diploid strains gives at least
two important advantages. First, diploid cells can enter into
meiotic pathway and among resulting meiotic products
(ascospores) it is possible to select those with improved
biotechnological characteristics. The second advantage is that
in diploids homozygous by the expressed gene the
chromosome number is doubled leading to increased gene
copy number.

Haploid strain ADE3 was transformed with the plasmid
pX4GusA and several leucine independent transformants
with Leu"Gus® phenotypes were isolated. One of them
designated as 1-LeuGus® revealed high Gus activity in
qualitative microtitre plate assay and was chosen for further
works. This transformant was crossed with the wild type
haploid strain 11A and resulted diploid 1-ALGus was
isolated and subjected to genetic analysis. The cells of 1-

250

ALGus were induced to undergo meiosos by incubations on
sporulation medium and with the resulted ascospores random
spore analysis was performed. The data presented in Table 2
suggests that all parental auxotrophic markers segregated in
normal 1* : 1 manner indicating for haploid nature of both
parental strains. In all segregants tested the phenotypes Leu2*
and Gus* co-segregated indicating stable integration of gusA
gene into chromosomal LEU2 locus. Quality microtitre plate
assay revealed that meiotic segregants 1-Argl Gus*, 1-Pur2,5
Gus®, 2-Pur2,5 Gus* and 3 Pur2,5 Gus® possessed enhanced
GUS activity as judged by the rapid appearance of intensive
yellow color. Such improvement could be the consequence of
multiplication of chromosomally integrated copies of gusA
gene by non-reciprocal (unequal) crossing-over. During
meiosis random gene assortment also occurs by reciprocal
recombination events and such process gives possibility to
remove genes with negative effects on heterologous gene
expression and to select appropriate gene(s) with positive
action of cellular processes. The selected meiotic segregants
carrying complementary auxotrophic markers were crossed in
all possible combinations and three diploid strains designated
as 1-GUSD, 2-GUSD and 3-GUSD were isolated. The
diploid nature of these hybrids was proved by several criteria
and their Gus activities determined and are listed in Table 3.
The obtained data suggest for higher Gus activities in diploid
strains compared to their parental haploids (15,86 EU the
average for haploids and 97,92 EU - for diploids). This result
could be explained by the doubled chromosome numbers and
corresponding doubling of gusA gene copies. It is also
possible that the number of still unknown genes with positive
effects on cellular functions is doubled.

Table 2. Segregation of parental markers in meiotic progeny
of the hybrid 1- ALGus*

Allele pair Prlenotype segr(fgation Deviation
PUR2,5+ : pur2,5- 73 150 385
LEU2+ : leu2- 118 105 6.5
URA3+ : ura3- 83 140 28.5
ARG1+ : argl- 110 113 15
GUS+: gus- 118 105 6.5

Our data suggest that utilization of diploid strains is
promising and effective approach for improvement of
heterologous gene expression in the yeast O. polymorpha for
at least two reasons. First is that sporulation of diploids that
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are heterozygous by the integrated plasmid gives possibility
to obtain meiotic product with elevated gene expression. The
reason for such increase (10,15 EU for parental transformants
and average 15,9 EU for meiotic segregants isolated) is that
during meiosis recombination takes place and leads to
reciprocal recombination or non-reciprocal (unequal)
recombination. During meiosis the duplicated chromosomes
attach to each other in the centromere region and pair to
chromosome length. It is widely accepted that unequal
crossing over is the main reason for doubled gene copy
number. Unequal crossing over is possible because during
meiosis similarity between misalignment sequences occur.
When two sequences are misaligned, unequal crossing over
may create a tandem repeats and extending of copy numbers
on one chromosome and a deletion and shorting of copy
numbers on the other. In general, unequal crossing over is the
process most responsible for creating regional gene
duplications in the genome. In the cases of our experiments
deleterious events could be avoid because we use system for
positive selection of meiotic products with increased gene
expression (enzyme activity) and only such products are
preferred for further works. Therefore, unequal crossing over
event leads to increasing of gene copy number and Gus
activity.

Table 3. EU * Gus activities in crude cell extracts of various
haploid and diploid O. polymorpha strains

. . Enzyme  Specific enzyme
Strain Ploidy ctivity  activity (EU)
1-Argl Gus+ N 19,4 15.9
1-Pur2,5 Gus+ N 15,51 26.29
2-Pur2,5 Gus+ N 12,02 42.93
3-Pur2,5 Gus+ N 16.53 80.24
1-GUSD 2N 65.54 68.63
2-GUSD 2N 116.81 93.45
3-GUSD 2N 111.43 95.56

* EU - determinated as the amount of enzyme that liberates 1 pmol pNP at
37°C per 1 minute

The other advantage is that in diploids that are
homozygous by integrated plasmid DNA the number of
heterologous genes is doubled leading to increased enzyme
activities. It is necessary to point that such increasing is
possible in the cases of positive relationships between gene
copy number and enzyme activity only. We suspect that such
homozygous diploids possess additional advantage because
they can be induced for meiosis (sporulation) and after that

http://www.jbb.uni-plovdiv.bg

meiotic products (haploid segregants) with even more
extended copy number can be obtained. By repeating of such
multistep procedure it is possible to isolate strains with even
highly elevated heterologous gene expression.
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