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A B S T R A C T   

Methylotrophic yeast Ogataea polymorpha is capable to utilize multiple carbon feedstocks especially methanol as 
sole carbon source and energy, making it an ideal host for bio-manufacturing. However, the lack of gene inte-
gration sites limits its systems metabolic engineering, in particular construction of genome-integrated pathway. 
We here screened the genomic neutral sites for gene integration without affecting cellular fitness, by genomic 
integration of an enhanced green fluorescent protein (eGFP) gene via CRISPR-Cas9 technique. After profiling the 
growth and fluorescent intensity in various media, 17 genome positions were finally identified as potential 
neutral sites. Finally, integration of fatty alcohol synthetic pathway genes into neutral sites NS2 and NS3, 
enabled the production of 4.5 mg/L fatty alcohols, indicating that these neutral sites can be used for streamline 
metabolic engineering in O. polymorpha. We can anticipate that the neutral sites screening method described here 
can be easily adopted to other eukaryotes.   

Introduction 

The methylotrophic yeast Ogataea polymorpha (formerly named as 
Hansenula polymorpha) has a broad substrate spectrum including 
glucose, xylose and methanol, which makes it a potential host for bio- 
manufacturing with relieved competition with food industry [1–3]. In 
addition, O. polymorpha is highly tolerant against harsh industrial con-
ditions, such as high temperature up to 50 ◦C, low pH and high osmotic 
pressure [4–6]. Altogether, these characters show the high potential of 
O. polymorpha as a promising host toward industrial processes. 

Construction of microbial cell factories involves rewiring native 
metabolic pathways and reconstruction of heterologous pathways, 
which is always realized by overexpression of multiple genes. Although 
the episomal plasmid has been widely used for gene expression, its 
segregational and structural instability may cause plasmid loss [7,8]. 
Furthermore, the limited DNA accommodation capacity of a plasmid 
(usually less than 20 k base pairs) makes it challenging for expression of 
multiple genes in extensive metabolic engineering. Alternatively, the 
genomic integration is considered as a more feasible approach for 

construction of stable microbial cell factories [9,10]. In this case, the 
integration loci with no interruption of cell fitness is very essential. 
Though, the loci of normally used auxotrophic markers LEU2, URA3 and 
HIS4 can be used for genomic integration, the limited auxotroph loci 
makes it difficult in integration of multiple genes and it may bring cell 
interfering when integration of genes into auxotroph loci. Thus, non-
coding DNA sequences is more feasible as neutral site for gene inte-
gration, since it may avoid disrupting the cellular fitness [11]. Unlike the 
model yeast Saccharomyces cerevisiae [10,12,13], there is lacking genetic 
tools and elements including neutral sites for the non-conventional yeast 
O. polymorpha. 

We here characterized a variety of potential neutral sites in the 
genome of O. polymorpha based on the genome sequence of NCYC 495 
leu1.1 [14] by using a green fluorescent protein gene (eGFP) as a re-
porter. We also evaluated the growth profile of genomic integrated 
strains in the synthetic media with glucose, xylose or methanol as sole 
carbon source, respectively. Finally, a fatty alcohol biosynthetic 
pathway was constructed by integrating its three genes into two neutral 
sites, which confirmed that these neutral sites can be employed for 
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metabolic engineering of O. polymorpha. 

Materials and methods 

Plasmids, strains and cell cultivation 

Stains and plasmids used in this study are listed and described in 
Supplemental Table S1. 

O. polymorpha strains for preparation of competent cells were culti-
vated in YPD medium consisting 10 g/L yeast extract, 20 g/L tryptone 
and 20 g/L glucose. Recombinant strains were selected in the synthetic 
droplet (SD) medium containing 6.7 g/L yeast nitrogen base (YNB) and 
20 g/L glucose. The URA3 maker was removed and selected against on 
SD + URA+5-FOA plates, which contained 6.7 g/L YNB, 20 g/L glucose, 
20 mg/L uracil, and 1 g/L 5-fluoroorotic acid. All yeast solid media were 
added with 20 g/L agar. All yeast strains were cultivated in 37 ◦C. 
Escherichia coli DH5α used for plasmid transformation were cultivated at 
37 ◦C in LB medium (10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl). 
100 μg/mL ampicillin was added for plasmid maintenance. 

Yeast shake flask fermentations were carried out at 37 ◦C in Delft 
minimal medium (pH5.6) containing 2.5 g/L (NH4)2SO4, 14.4 g/L 
KH2PO4, 0.5 g/L MgSO4⋅7H2O, 20 g/L glucose, 2 mL/L trace metal and 
1 mL/L vitamin solutions [15] supplemented with 60 mg/L uracil if 
needed. For growth profiling, Delft minimum medium containing 20 g/L 
glucose (Delft-Glucose), 20 g/L xylose (Delft-Xylose) and 10 g/L meth-
anol (Delft-Methanol) was used. Delft-Glucose medium was used for 
fatty alcohol production. 

Genetic manipulation 

Super Fidelity DNA polymerase, Taq DNA polymerase and ClonEx-
press MultiS One Step Cloning Kit were purchased from Vazyme Biotech, 
Nanjing, China. DNA gel purification and plasmid extraction kits were 
purchased from Omega Bio-Tek, US. All oligonucleotides (Supplemen-
tary Table 1) were synthesized by Sangon Biotech, Shanghai, China. All 
chemicals were purchased from Sangon Biotech unless otherwise stated. 

NS2, NS3, NS5, NS6, NS11, NS12, NS14, NS16, NS18, NS19, 2NS2, 
3N2, 4NS5, 4NS11, 5NS6, 5NS12, 6NS9 7NS9 gRNA expression plasmids 
were constructed by separating our previous constructed plasmid pHp39 
[16] into two parts: backbone part and gRNA parts. Backbone and gRNA 
parts were amplified with primer pair BB-F/BB-R, NSxgRNA-F/HpgR-
NA-R, respectively, by using pHp1 as a template. Then the two parts 
were gel purified and assembled using ClonExpress MultiS One Step 
Cloning Kit. The assembled plasmid was transformed into E. coli DH5α 
competent cell for propagation. 

Gene integration in O. polymorpha was performed by using a CRISPR- 
Cas9 genome engineering technology established in our laboratory [16]. 
Guide RNA plasmid targeting 20 bp of candidate neutral sites in the 
genome, which was chosen based on the CHOPCHOP online software 
[17], was constructed by using pHp39 as backbone. Donor DNA, con-
sisting upstream homologous arm (HA), promoter, eGFP gene, termi-
nator and downstream HA, was generated by using fusion PCR. Taking 
NS2-eGFP as an example, 1000 bp upstream HA, 700 bp GAP promoter 
and 1000 bp downstream HA were PCR amplified from O. polymorpha 
NCYC 495 genome DNA by using primer pair NS2up-F/NS2up-R, 
PGAP-F/PGAP-R, and NS2dw-F/NS2dw-R, respectively. TTDH2 and eGFP 
gene was amplified from S. cerevisiae S288C genome and plasmid peGFP 
using primer pair TTDH2-F/TTDH2-R, and eGFP-F/eGFP-R, respectively. 
The donor DNA was gel purified and transformed with gRNA expression 
plasmid into O. polymorpha competent cells and selected in SD plates. 10 
clones were selected and verified by colony PCR. Clones with correct 
integration were cultivated overnight in YPD liquid medium and then 
plated on SD + URA+5-FOA plates for removing gRNA expression 
plasmid. 

Gene deletion was conducted by CRISPR-Cas9 genome editing tool as 
described in our previous study [16]. In detail, the guide RNA expression 

plasmid, containing 20bp guide RNA targeting this gene’s ORF, was 
constructed by integration of guide RNA sequence to the backbone of 
pHp39. Donor DNA was constructed by fusion PCR of 1000 bp upstream 
and 1000 bp downstream homologous arm. Then the guide RNA plasmid 
and donor DNA were transformed into O. ploymorpha via electropora-
tion. The transformants were cultivated on SD media and screened by 
colony-PCR [18]. To remove gRNA plasmids, transformants were plated 
on SD + URA+5-FOA plates. 

Transformation of O. polymorpha 

Transformation of O. polymorpha was performed by using a high 
efficient electro-transformation method [19], with small modifications. 
10 mL of O. polymorpha culture with OD600 of 0.8–1.0 were harvested by 
centrifugation and resuspended in 4 mL of 50 mM potassium phosphate 
buffer (pH7.5) containing 25 mM dithiotreitol. After incubation at 37 ◦C 
for 15 min, cells were sequentially washed with 10 mL and 5 mL of 
electroporation buffer STM (270 mM sucrose, 10 mM Tris-HCl pH7.5 
and 1 mM MgCl2), and then suspended in 200 μL STM. 60 μL cell sus-
pension was mixed with gRNA expression plasmid and donor DNA, and 
tapped to the bottom of prechilled 2 mm electroporation cuvette 
following the electric field pulse (7.5 kV/cm, 50 μF, 129 Ω, resulting in 
pulse length of 4 ms). The cell/DNA mixture was then mixed with 1 mL 
YPD medium and then incubated at 37 ◦C for 1 h without agitation, 
followed by harvesting and washing with 1 mL sterilized H2O. Finally, 
the cells was resuspended in 100 μL H2O and spread on SD medium. The 
plates were incubated at 37 ◦C for 2–3 days. 

Fluorescence measurements 

For determination of eGFP fluorescent intensity of engineered NS 
strains, cells were harvested and centrifugated at 13000×g for 3 min. 
The cell pellet was washed with 1 mL H2O, and diluted to OD600 =

0.2–0.8. Then the cell suspension was subject to the Tecan SPARK 
microplate reader (Tecan, Switzerland) in a 96-well black-walled clear- 
bottom plate for fluorescence and absorbance determination. The exci-
tation and emission wavelengths were set to 485 nm and 528 nm, 
respectively. Culture density was also measured as the absorbance at 
600 nm (OD600). All fluorescence measurements were normalized by 
OD600. 

Fatty alcohol synthetic pathway construction and evaluation 

The fatty alcohol synthetic pathway was constructed by using a 
modular pathway engineering strategy [20]. The CAR and NpgA genes, 
which were codon optimized based on codon preference of 
O. polymorpha, were obtained by PCR amplification from pHp63 [16] by 
using primer pairs CAR-F/CAR-R and npgA-F/npgA-R, respectively. The 
ADH5 module was amplified from pHp65 using primer pair 
ADH5-F/ADH5-R. The fatty alcohols were quantified as previously 
described [21]. Briefly, cell pellets were collected from 5 mL cell culture 
and then freeze-dried for 48 h. Fatty alcohol was extracted by chloro-
form: methanol solution (2:1) containing pentadecanol as internal 
standards. Then fatty alcohols were extracted by using microwave 
digestion/extraction system. The samples were vortexed vigorously and 
placed in the microwave reaction vessel containing 10 mL Mili-Q water 
then sealed with a TFM screw cap. 1 mL NaCl solution (0.73%, w/v) was 
added and then the samples were vortexed vigorously. The samples were 
centrifuged at 1000×g for 10 min for phase separation and then the 
organic phase was transferred into an extraction tube. The extracted 
fractions were dried by using a centrifugal concentrator. 100 μL BSTFA 
(bis(trimethylsilyl)trifluoroacetamide) was added into the vial for sily-
lation (80 ◦C, 30 min) and the silylated fatty alcohol was dissolved in 
400 μL hexane. GC-MS analysis was as follows: initial temperature of 
45 ◦C held for 2.5 min; then ramp to 220 ◦C at a rate of 20 ◦C/min and 
held for 2 min; ramp to 300 ◦C at a rate of 20 ◦C/min and held for 5min. 
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The temperature of inlet, mass transfer line and ion source were kept at 
250, 300 and 230 ◦C, respectively. The flow rate of the carrier gas 
(helium) was 1.0 mL/min. MS data were acquired at full-scan mode 
(50–650 m/z) and quantified with Xcalibur software. 

Results 

Screening candidate neutral sites 

Genome sequence of O. polymorpha NCYC 495 leu1.1 (Accession No. 
NW_017264698.1) from National Center for Biotechnology Information 
(NCBI) was used as reference for screening the candidate neutral sites. 
Here, the interval regions between two genes were selected for further 
investigation, since gene integration into any genomic sequence 
encoding genes or hypothetic genes may interfere cellular fitness. In 
eukaryotes, the promoter and terminator are essential for functional 
gene expression and regulation. Thus, the length of interval region as 
potential neutral sites should be longer than the total length of promoter 
and terminator. According to the flanking genes’ transcription direction 
(Fig. 1A), the interval regions were classified into 3 categories: HH (the 
head-to-head localization of two adjacent open reading frames (ORFs), 
which means that this interval region contains two promoters); HT or TH 
(head-to-tail or tail-to-head localization of two adjacent ORFs, which 
means that this interval region contains one promoter and one termi-
nator); TT (tail-to tail localization of two ORFs, which means this region 
contain two terminators). Normally, the length of a promoter and a 
terminator is approximately 600 bp and 400 bp, respectively. Therefore, 
interval regions longer than 1500 bp (HT, TH and HH) or 1200bp (TT) 
were selected as candidate neutral sites. With these criteria, a total of 36 
candidate neutral sites (18 sites in chromosome VII, and 3 longest sites 
in each chromosome I-VI, respectively) were found for further investi-
gation (Fig. 1B), with the 18 correct sites marked with red (results 
below). The detailed information of all potential neutral sites were listed 
in Supplemental Table S2. 

For convenient genomic integration, we used an optimized CRISPR- 
Cas9 platform and the host O. polymorpha strain y34 with enhanced 
homologous recombination [16]. This optimized platform enabled 
10%–40% integrating efficiencies in targeting each neutral site with 
eGFP gene (Table 1), which can ensure the accurate integration of 

heterologous gene into these candidate sites. Those sites did not get 
correct transformant or positive fluorescence were ruled out. A total of 
18 neutral sites located in chromosome I-VII got varied green fluores-
cence intensity with integrated eGFP gene (Fig. 2B). In detail, strain NS3, 
NS18 and NS19 had relatively high fluorescent intensity, while NS3 was 
the highest one, which suggested that specific chromosome structure at 
different sites might affect gene expression. This gene expression vari-
ation may be helpful for balancing the metabolic pathways by fine 
tuning the expression of corresponding genes. 

Profiling the growth of NS strains 

As 18 candidate neutral sites were obtained, the next step was to 
verify whether they were neutral. In other word, it should be verified 
that whether gene integration into these candidate sites influence cell 
growth. We here profiled the growth of neutral site integrated strains 
and the parent strain y34 in synthetic media with glucose (20 g/L), 
xylose (20 g/L) or methanol (10 g/L) as a carbon source. All NS strains 
exhibited similar growth profile as y34 in all media (Fig. 2), which 
indicated that eGFP gene integration into these 18 candidate sites did 
not affect the yeast growth with carbon sources of glucose, xylose or 
methanol. It should be mentioned that there is a little varied cell growth 
among all the NS strains in methanol containing media (Fig. 2E), which 
might be attributed to varied methanol volatilization. 

Dynamics of fluorescence, representing the concentration of eGFP, 
showed a similar profiles among the NS strains. In Delft-Glucose, the 
fluorescent intensity reached maximum in the exponential phase (36 h 
growth), then dropped to half at the stationary phase (60 h growth), and 
finally vanished at the late stationary phase (96 h growth), indicating 
the gradual degradation of eGFP by intracellular protease. The similar 
decline of fluorescent intensity was observed in xylose and methanol 
medium, though not so sharp as that in glucose medium. The fluorescent 
intensities were highest in glucose compared to that in methanol and 
xylose, which can be explained that GAP promoter (PGAP, the promoter 
of glyceraldehyde-3-phosphate dehydrogenase gene) had the highest 
transcription activity in glucose. It can be expected that carbon source 
responsive promoter should be helpful for driving the gene expression in 
xylose or methanol media. Interesting, the 2NS2 integrated strain 
showed almost no fluorescence in methanol medium with some 

Fig. 1. The criteria for screening candidate neutral sites in O. polymorpha genome. (A) The scheme of integration of eGFP gene into candidate sites through CRISPR- 
Cas9 system. There are 3 categories of interval regions: HH (the head-to-head localization of two adjacent ORFs, which means that this interval region contains two 
promoters); HT (head-to-tail localization of two adjacent ORFs, which means that this interval region contains one promoter and one terminator); TT (tail-to tail 
localization of two ORFs, which means this interval region contains two terminators). (B) The localization of candidate neutral sites on O. polymorpha genome (The 
18 sites that showed fluorescent signal were marked with red). 
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unknown reasons, which thus was excluded as a neutral site. The growth 
and fluorescence profiling of NS strains with parental y34 strain, 
revealed that 17 candidate sites can be recognized as neutral sites. 

Metabolic engineering by using neutral sites 

We finally applied the neutral sites for genome integration of a fatty 
alcohol synthetic pathway. Fatty alcohols, which has been widely used 
in lubricant, surfactant, personal care and pharmaceuticals [21], can be 
biosynthesized by the fatty acid reduction pathway [21]. The fatty 

Table 1 
Integration efficiency of eGFP cassette into 18 candidate sites. The efficiency was defined as the number of correct strains with green fluorescent intensity/10.  

candidate neutral site chromosome position guide RNA sequence flanking gene direction length (bp) integration efficiency 

NS2 VII 131978–133389 AATGGTGACATACTTTTATA TT 1411 10% 
NS3 VII 178019–180335 CAAGCGGCTGGAAAACAAGA TT 2316 10% 
NS5 VII 362598–364150 CCGACGATGATGGAAACTTT HT 1552 10% 
NS6 VII 376830–378761 CCCTCAACTTGTTATTTTAC HH 1931 10% 
NS11 VII 523032–524734 GACAGCAGTAGATGCAGCTG HH 1702 40% 
NS12 VII 535041–537172 AGTATATTTGTGAGTGACTC HH 2131 30% 
NS14 VII 700610–702392 GTTCGTCGCAAACAGCCGAT HT 1782 30% 
NS16 VII 996634–997983 ATGTAAACATTAAAACACGA TT 1350 30% 
NS18 VII 1089677–1090906 GTGGGTATATCGTACTATCC TT 1230 30% 
NS19 VII 1149379–1150807 TCGTGCTTGTCTCTGACGAA TT 1428 40% 
2NS2a VI 316781–319322 TTTTTCCTAGACCCCTTGAA TT 2541 10% 
3NS2 V 11624–15232 TTGCAGAATCACTGCGCTAG HH 3608 40% 
4NS5 IV 308571–309919 GGAGCTGGCCTAGACTCTCT TT 1348 10% 
4NS11 IV 848607–864654 GTCAGAAAATATCAAAGTAG TT 16947 10% 
5NS6 III 679834–682584 AAAATGGACAGTTACAGAAA TT 2750 20% 
5NS10 III 981637–984032 CAAATGCTCGACGTGGACGA TT 2395 40% 
6NS9 II 796537–798545 GAACAAGATAGACGACCTAG TT 2008 30% 
7NS9 I 639609–642532 ATACCTTAACGAGGAACAAT TT 2923 10%  

a Represents the false sites as having no fluorescence in Delft-Methanol media. 

Fig. 2. Profiling the growth and fluorescent intensity of 18 NS strains and parent strain y34 (control) in different media. (A) The growth curve of corresponding 
strains in Delft-Glucose (20 g/L) media. (B) The fluorescent intensity of corresponding strains in Delft-Glucose media. (C) The growth curve of corresponding strains 
in Delft-Xylose (20 g/L) media. (D) The fluorescent intensity of corresponding strains in Delft-Xylose media. (E) The growth curve of corresponding strains in Delft- 
Methanol (10 g/L) media. (F) The fluorescent intensity of corresponding strains in Delft-Methanol media. 
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alcohol biosynthetic pathway (Fig. 3A) is composed of a carbolic acid 
reductase Car from Mus musculus, 4′-phosphopantetheinyl transferase 
NpgA from Aspergillus nidulans and aldehyde dehydrogenase Adh5 from 
S. cerevisiae [21]. The hexadecenal dehydrogenase gene HFD1 and fatty 
acyl-CoA synthetase gene FAA1 were deleted for blocking the reverse 
reactions (Fig. 3A), which has been showed to be essential for accu-
mulation of the precursors fatty acids and fatty aldehydes [21]. It was 
observed that FAA1 deletion caused severely decreased transformation 
and integration efficiency of O. polymorpha (Supplemental Fig. S1). We 
therefore used Δhfd1 strain as a host for integration of CAR, and NpgA +
ADH5 genes into the NS2 and NS3 neutral sites, respectively (Fig. 3B). 
Finally, the FAA1 gene was deleted upon the integration of fatty alcohol 
biosynthetic pathway. The engineered strain FOH04 enabled the pro-
duction of 4.5 mg/L fatty alcohol in Delft-Glucose medium, with the 
hexadecanol (C16:0) and (9Z)-octadecen-1-ol (C18:1) as the main 
products (Fig. 3B). And the control strain y34 produced no fatty alcohols 
(Supplemental Fig. S2). The success of construction of fatty alcohol 
synthetic pathway demonstrated the feasibility of the neutral sites 
screened in this study for metabolic engineering of O. polymorpha and 
expanded its genetic toolbox for synthetic biology of methylotrophic 
yeasts. 

Discussion 

O. polymorpha, a methylotrophic yeast that was previously employed 
for production of recombinant proteins [22], has drawn increasing 
attention as a cell factory for methanol biotransformation recently [4, 
23–25]. Though CRISPR-Cas9 genome editing tools have been estab-
lished for genetic manipulation in O. polymorpha [16,26–28], the lack of 
genome integration sites may hinder extensive metabolic rewiring for 
biosynthesis of chemicals from methanol. This study therefore adopted a 
systematic procedure to screen neutral sites in O. polymorpha and veri-
fied its applicability in pathway construction. 

Though auxotropic marker loci have been used for gene integration, 
which however can’t be recognized as neutral loci, because insertion 
genes into these site might perturb cell fitness. For example, we found 
that LEU2 mutation significantly affects cell fitness (Supplemental 
Fig. S3). Therefore, LEU2 loci cannot be used for integration of eGFP or 
other gene cassettes. Other selection markers may also affect cell fitness 
more or less. 

The multiple copy of rDNA sites are another choice for genome 
integration, which might cause the integration of multiple genes at 
unpredictable manner and result in instability due to recombination 
[29]. Therefore, relatively large number of genomic interval regions are 
the best choice as neutral sites, which can avoid disrupting the tran-
scription of functional genes when integrating gene cassettes. There are 
a limited number of neutral sites identified in prokaryotes such as 

Cyanobacterium Synechocystis PCC 6803 by genome and transcriptome 
sequencing [11,30], since prokaryotic genes are usually clustered with 
few base pairs in interval region that is not suitable for gene integration 
[31]. In contrast, there are more and longer interval regions in eu-
karyotes, providing convenient screening of sufficient neutral sites. We 
here showed that characterizing the interval regions of 1500 bp or 1200 
bp enabled the identification 17 neutral sites by using CRISPR-Cas9 
techniques. 17 sites are usually enough for metabolic engineering and 
synthetic biology in O. polymorpha. A previous study showed that 750 bp 
interval regions could be functional neutral sites in S. cerevisiae [10]. It 
can be anticipated that more neutral sites could be identified if we 
search the shorter interval regions. Anyway, no retardation on cellular 
growth suggested these neutral sites can be used for integration of 
multiple genes in O. polymorpha. 

The variation of fluorescent intensity among NS strains integrated 
with eGFP gene may be caused by the variation of chromosome struc-
ture. This phenomenon has been also observed in S. cerevisiae, where 
integration of lacZ gene into different neutral sites resulted a 2.5-fold 
variation of β-galactosidase activity [10]. At the same time, each 
neutral site can be selected and combined with different promoters to 
fine-tune gene expression. We proved that genome integration sites in-
fluence expression level in O. polymorpha, which was also observed in 
Escherichia coli [32]. This kind of gene expression variation can be used 
for fine tuning the expression of corresponding genes in balancing 
metabolic pathways. Genomic integration of a fatty alcohol synthetic 
pathway genes into NS2 and NS3 sites, resulted in an engineered strain 
producing 4.5 mg/L fatty alcohol, demonstrating that neutral sites 
described here can be used in metabolic engineering of O. polymorpha. 

In summary, we systematically characterized the interval regions by 
using the eGFP cassette, which enabled the identification of 17 neutral 
sites in O. polymorpha. These neutral sites should be helpful for con-
struction of stable microbial cell factory for bio-manufacturing, and the 
screen procedure described here can be easily implemented in other 
eukaryotes. 
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