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ABSTRACT

The industrial yeast Pichia pastoris has been har-
nessed extensively for production of proteins, and
it is attracting attention as a chassis cell factory for
production of chemicals. However, the lack of syn-
thetic biology tools makes it challenging in rewiring
P. pastoris metabolism. We here extensively engi-
neered the recombination machinery by establish-
ing a CRISPR-Cas9 based genome editing platform,
which improved the homologous recombination (HR)
efficiency by more than 54 times, in particular, en-
hanced the simultaneously assembly of multiple
fragments by 13.5 times. We also found that the key
HR-relating gene RAD52 of P. pastoris was largely re-
pressed in compared to that of Saccharomyces cere-
visiae. This gene editing system enabled efficient
seamless gene disruption, genome integration and
multiple gene assembly with positive rates of 68–
90%. With this efficient genome editing platform, we
characterized 46 potential genome integration sites
and 18 promoters at different growth conditions. This
library of neutral sites and promoters enabled two-
factorial regulation of gene expression and metabolic
pathways and resulted in a 30-fold range of fatty al-
cohol production (12.6–380 mg/l). The expanding ge-
netic toolbox will facilitate extensive rewiring of P.
pastoris for chemical production, and also shed light
on engineering of other non-conventional yeasts.

INTRODUCTION

Yeasts are used widely as cell factories for production of
proteins, chemicals and advanced biofuels. The budding
yeast Saccharomyces cerevisiae has been used for brewing
and baking for >4000 years, and currently, it is regularly
used for bio-ethanol production (1). With the aid of mod-
ern molecular biology, S. cerevisiae has been harnessed for
the production of many industrially relevant biochemicals
and biofuels (2). Recently, a number of non-conventional
yeasts have also attracted great attention as potential chas-
sis cells for production of fine chemicals and recombinant
proteins. These non-conventional yeasts have unique and
excellent properties, such as tolerance to inhibitors and low
pH that may have advantages for specific bioprocesses (3).
However, it is still challenging to extensively engineer these
non-conventional yeasts because of a dearth of genetic edit-
ing tools (4), compared with the model yeast S. cerevisiae
for which there are numerous advanced genetic tools and
biological devices (5).

Among non-conventional yeasts, the methylotrophic
yeast Pichia pastoris (syn. Komagataella phaffii) is an es-
tablished protein production platform, especially in the in-
dustrial enzymes and the biopharmaceutical industry (6).
In addition, there is much interest in harnessing P. pastoris
for production of small molecules and, particularly, in es-
tablishing a methanol biotransformation process (7). Com-
pared with protein production that involves overexpression
of a single gene, engineering biosynthesis of small molecules
always involves optimization of multiple-step pathways and
extensive rewiring of cellular metabolism. For example, pro-
duction of opioids in yeast required the heterologous ex-
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pression of >30 genes from multiple species (8). Global re-
construction of lipogenesis in S. cerevisiae involved rewiring
four categories of pathways with more than 20 genes (9),
which were genome-integrated for stable expression.

From the successful engineering of S. cerevisiae cell facto-
ries, we can identify three prerequisites for construction of
stable cell factories: (i) clear genome information; (ii) effi-
cient and precise genome engineering tools; (iii) sufficient
genetic devices including promoters and integration sites
for stable gene expression. The genome information of P.
pastoris is thoroughly annotated (10) (www.pichiagenome.
org). In addition, the CRISPR-Cas9 system was established
and optimized in P. pastoris by evaluating diverse codon-
optimized Cas9 genes, sgRNA and promoters for expres-
sion of Cas9 and the sgRNA, which enabled efficient cutting
of the genomic DNA (11,12). However, in P. pastoris, non-
homologous end joining (NHEJ) is the dominant pathway
for repairing double-strand breaks (DSB). Hence, NHEJ
impedes precise genome engineering, in particularly, seam-
less gene deletion and genome integration that depend on
homologous recombination (Figure 1). Furthermore, only
a paucity of sites has been identified into which exogenous
genes can be integrated without disrupting cell viability.
Lastly, the lack of well-characterized promoters makes it
challenging in fine tuning of gene expression, since appro-
priate promoters can mediate dynamic regulation of biosyn-
thesis pathways and maintaining cell robustness (13).

To address these challenges in genetic engineering of P.
pastoris, we have extensively engineered the recombination
machinery of this yeast to enhance homologous recombi-
nation, which significantly improved the efficiency of seam-
less gene disruption and simultaneous integration of multi-
ple genes. With this precise genome engineering platform,
we systematically identified 46 genomic integration sites for
stable gene expression and temporally profiled 18 promoters
for regulation of gene expression. Ultimately, we developed
a two-factorial gene regulation strategy by using the identi-
fied integration sites and promoters. This strategy enabled
a 30-fold range in regulation of fatty alcohol biosynthesis
(12–380 mg/l). This expanded genetic tool box (Figure 1)
should facilitate the metabolic engineering of this impor-
tant industrial yeast P. pastoris and other non-conventional
yeasts for production of small molecules.

MATERIALS AND METHODS

Strains and cultivation

All strains used in this study are listed in Supplemen-
tary Table S1. P. pastoris GS115 was kindly offered by
Prof. Menghao Cai from East China University of Sci-
ence and Technology, and other strains were stored in our
lab or constructed in this study. Unless otherwise speci-
fied, yeast strains were cultivated in YPD medium contain-
ing 20 g/l glucose, 20 g/l peptone and 10 g/l yeast extract.
For screening transformants, YPD medium was supple-
mented with zeocin or G418. Delft basic salt medium (2.5
g/l (NH4)2SO4, 14.4 g/l KH2PO4, 0.5 g/l MgSO4•7H2O, 40
mg/l histidine, 1 ml/l Vitamin solution, 2 ml/l Trace metal
solution) (14,15), was used for cell cultivation and fermenta-
tion with 20 g/l glucose and/or 10 g/l methanol as carbon
sources. Escherichia coli DH5� was grown in LB medium

(10 g/l tryptone, 10 g/l NaCl, and 5 g/l yeast extract) with
specific antibiotics, such as ampicillin (100 mg/l) to main-
tain plasmids. All yeast strains were cultivated at 30◦C, 220
rpm in a shake incubator (Zhichu Shaker ZQZY-CS8). Pre-
cultures were cultivated in 15 ml tube with a working vol-
ume of 3 ml, and cells for transformation and fermentation
were both cultured in 100 ml flasks with a working volume
of 20 ml. For removing gRNA plasmids, the verified strains
were cultured in 3 ml YPD medium for about 20 h, and then
streaked on YPD plates. Majority of newly grown colonies
were plasmid-free and verified on selection plates.

Establishing CRISPR–Cas9 system

The plasmid pPICZ was used as the backbone, which was
modiefied from the commercial plasmid pPICZ�A by delet-
ing the �-factor secretion signal sequence. Cas9 coding
sequence was amplified from plasmid pECAS9-kanMX-
gRNA (16) with primers CAS9-F and CAS9-R. Replica-
tion origin panARS was amplified from Kluyveromyces lac-
tis genome with primers panARS-F and panARS-R. Bidi-
rectional promoter PHTX1 was amplified from P. pastoris
GS115 genome DNA with primers HTX1-F and HTX1-R.
The hammerhead ribozyme (HH), GUT1-gRNA, and the
hepatitis delta virus ribozyme (HDV) (HH-GUT1-gRNA-
HDV) were synthesized by Sangon Biotech (Shanghai).
DAS1 terminator (TDAS1) was amplified from P. pastoris
GS115 genome DNA by using the primer pair TDAS1-
F/TDAS1-R. Supplementary Table S2 lists all the primers
used in this study. The genome editing vector pPICZ-
Cas9-gGUT1 was constructed by Gibson assembly, which
contained Cas9, TDAS1, HH-GUT1-gRNA-HDV, panARS
and vector backbone. Restriction enzyme cleavage sequence
SpeI was added between Cas9 and the promoter to facilitate
subsequent vector construction.

DNA transformation was performed with a condensed
electroporation protocol (17), and the transformed cells
were grown for three days on YPD plates containing 100
�g/ml Zeocin. Twenty colonies were selected from each
plate for identification of positive clones. The genomic ma-
nipulations were verified with colony PCR, and the genomic
DNA was extracted according to a described protocol (18).

Single gene deletion and integration

Expression cassettes of gRNA were constructed by fusing
gRNA promoter sequence PHTX1 and terminator sequence
TAOX1, which were cloned by using primers listed at Supple-
mentary Table S3. Plasmid pPICZ-Cas9-gGUT1 was con-
structed by using the gRNA expression cassette and vec-
tor backbone with Gibson assembly. Donor DNA cassettes
were constructed by fusing the upstream and downstream
homologous arms (with 50–1000 bp length) of targeting
gene by overlap extension PCR.

Gene integration expression cassettes were constructed
by fusing the upstream HA, promoter sequence, ORF, ter-
minator and downstream HA by overlap extension PCR.
The transformations were performed using a condensed
electroporation protocol as described above. 8–20 colonies
were selected for colony PCR. The positive rates were cal-
culated as the ratio of the positive clone to the total number
of clones picked.

http://www.pichiagenome.org
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Figure 1. Engineering recombination machinery and expanding genetic tool box for metabolic engineering of P. pastoris. (A) Enhancing recombination
for precise genetic engineering by manipulation of the homologous recombination (HR) process and repressing the nonhomologous end joining (NHEJ).
The genes marked as blue were deleted or overexpressed for enhancing HR efficiencies. (B) The neutral sites and promoters were profiled by using eGFP
expression cassettes with the established genetic engineering platform. The red bar represents the location of neutral sites in the genome. (C) The variable
transcription of promoters and neutral sites enables two-factorial regulation of gene expression and biosynthetic pathways.

Engineering recombination machinery

KU70, MPH1, SGS1, TOP3 and RMI1 genes were seam-
lessly deleted by CRISPR-Cas9 based genome editing tools.
The gRNA plasmids used for targeting KU70, MPH1,
SGS1, TOP3 and RMI1 gene were constructed with primers
(19P-74/19-160 and 19P-75/19-161), (19P-74/19-134 and
19P-75/19-135), (19P-74/19-76 and 19P-75/19-77), (19P-
74/19-78 and 19P-75/19-79) and (19P-74/19-80 and 19P-
75/19-81), respectively. The fragments used for deleting
KU70, MPH1, SGS1, TOP3 and RMI1 gene were fused by
primers 19P-74/19P-75, and finally constructed into gRNA
vector backbone by Gibson Assembly® Master Mix.

The upstream and downstream homologous arms (HAs)
of targeting gene with a length of 1000 bp, were amplified
using primers respectively. These two HAs were fused by
overlap extension PCR and used as donors for seamless
gene deletion. The S. cerevisiae genes ScRAD51, ScRAD54,
and ScSAE2 were amplified from its genome, and the en-
dogenous genes PpRAD51, PpRAD52 and PpRAD54 were
amplified from the genome of P. pastoris GS115. ScRAD52,
ScRAD54, ScSae2, PpRAD51, PpRAD52 and PpRAD54
were then cloned into the pPICZ plasmid under the control
of PGAP promoter. The plasmids were linearized by PmeI
and integrated into the AOX1 sites of the GS115 genome by
electro-transformation. The MUS81, MMS4, SLX1, SLX4
and YEN1 genes were cloned from P. pastoris and inte-

grated into PNSI-1 site of P. pastoris by using pPICZ-
Cas9-gPNSI-1 as the gRNA plasmid. The overexpression
cassettes of MUS81-MMS4, SLX1-SLX4 and YEN1 were
fused with the PNSI-1 upstream and downstream homolo-
gous arms.

Assembly of multiple fragments at single genome loci

The MmCAR, npgA and ADH5 gene expression cassettes
of a fatty alcohol biosynthetic pathway were simultane-
ously integrated into FAA1 site by using the gRNA plas-
mid pPICZ-Cas9-gFAA1. The promoters PADH2, PTEF1 and
PTPI were used to control gene expression of MmCAR,
npgA and ADH5, respectively. The gene expression cassettes
were constructed by overlap extension PCR, and the ho-
mologous regions of the three fragments were set in the
promoter or the terminator, with a length of about 500 bp
(Figure 3B). The homologous arm length of the segments
at both ends and the genome was 1000 bp. About 1 �g
fragments were used for transformation with a molar ra-
tio of 1:1:1 for the three fragments. The KanMX expres-
sion cassette for motoring the DNA repair process, was con-
structed using PADH2 as the promoter, the TGAP as the ter-
minator, GUT1 as the integration site with the HA length
of 1000 bp. The KanMX expression cassette was divided
to three fragments: the first fragment containing upstream
HA, PADH2 and upstream of KanMX ORF; the second
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fragment containing KanMX ORF lacking starting codon
ATG; the third fragment contained KanMX downstream
ORF, TGAP and downstream HA. The start codon was re-
moved to avoid the improper integration of KanMX with
antibiotic resistance.

eGFP expression cassette construction and neutral site inte-
gration

To test gene expression at neutral sites, the PGAP promoter
was use to drive expression of eGFP, which was amplified
from the plasmid pJQ01 (19). The 1 kb upstream and down-
stream homologous arms of each neutral locus were fused
with the eGFP cassette by overlap extension PCR. Supple-
mentary Table S3 lists all the gRNA sequences of neutral
sites. For the eGFP integration at neutral sites on Chro-
mosome 1, the CRISPR-Cas9 system was in accordance
with previous version (Supplementary Figure S1A). For the
neutral sites on Chromosome 2, 3 and 4, the Cas9 gene
was integrated into the PNSI-2 site and a simplified ver-
sion of the sgRNA plasmid was used for integration of the
eGFP cassette (Supplementary Figure S1B). 300 ng Cas9–
gRNA or gRNA plasmid and 500 ng donor DNA were
co-transformed by electroporation for genome integration
in the PpRAD52 overexpression strain PC110 (17,20). The
transformants were cultivated on YPD plates with antibi-
otic for three days, then 8–10 random clones were inocu-
lated into 300 �l YPD liquid medium with antibiotic for
overnight cultivation. Clones were verified by PCR or flu-
orescence detection. The seed was cultured in 3 ml YPD
medium overnight, and then adjusted to an optical density
at 600 nm (OD600) of 0.1 (equivalent to 2 × 106 cells/ml)
for cultivation. Samples were harvested and analyzed every
24 h. 200 �l dilution was used for fluorescence detection by
microplate reader (Tecan Spark 3). The excitation and emis-
sion wavelengths were 485 and 525 nm (gain setting, 80). All
fluorescence measurements were normalized to the OD600
values.

Fatty alcohol biosynthesis

For the FFA derived pathway construction, MmCAR, npgA
and ScADH5 expression cassettes were integrated into the
PNSI-2, PNSI-3 and PNSI-4 sites, respectively. For the fatty
acyl-CoA derived pathways construction, ScADH5 and Fa-
CoAR cassettes were integrated into the PNSI-4 and PSNI-
5 sites, respectively (Supplementary Figure S2). These genes
were simultaneously integrated into corresponding neutral
site by using the multiplexed CRISPR technologies. Cul-
tures were inoculated, from overnight precultures, at an ini-
tial OD600 of 0.1 in 20 ml Deft-His medium and cultivated at
220 rpm, 30◦C for 96 h. The metabolite extraction and anal-
ysis procedure were executed following as described (14,15).

Real-time PCR experiment

The yeast strains S. cerevisiae CEN.PK 113-11C and P. pas-
toris GS115 were cultivated in YPD medium at 30 ◦C, 220
rpm overnight. The total RNA was extracted by RNA sim-
ple Total RNA Kit (DP419, TIANGEN, Beijing, China).
1 �g total RNA of each sample was reversely transcribed

to cDNA using the PrimeScript® RT reagent Kit (Takara
Bio Inc.) according to the manufacturer’s protocol. A two-
step PCR reaction was employed by using SYBR® Premix
Ex TaqTM II (Takara Bio Inc.). Actin gene was chosen as
the endogenous reference gene, and the data analysis was
conducted by the method of 2–��CT as described previously
(21). Primers were listed in Supplementary Table S2, and all
strains with three biologically independent parallel samples
were adopted to guarantee the reproducibility of all the re-
sults.

RESULTS

Enhancing the homologous recombination efficiency for sin-
gle manipulation

As previously reported (20), a bidirectional promoter PHTX1
(22) was used to express the CAS9 gene and the gRNA.
pPICZ was used as the plasmid backbone, and the au-
tonomously replicating sequence panARS, cloned from
Kluyveromyces lactis, was used as the replication origin of
episomal plasmid (Supplementary Figure S1A). This sys-
tem enabled a 93% positive rate of genome cutting when
targeting the GUT1 gene, which was evaluated by a plate
seeing test (Supplementary Figure S3), since GUT1 disrup-
tion resulted a growth defect on glycerol plates (11). How-
ever, co-transformation of a donor DNA with 1000 bp ho-
mologous arms, only resulted in less than 1.67% of seamless
gene deletion (0 positive colony from eight picked colonies
in Figure 2A, or 1 positive colony from 60 picked colonies
in Figure 2E). This low frequency suggested that NHEJ was
the dominant mechanism in repairing DSB and HR is ex-
tremely repressed in this yeast. Thus, we sought to enhance
HR efficiency by engineering the recombination machinery
(Figure 1A). Key components of NHEJ-based DNA repair
are Ku heterodimer proteins Ku70 and Ku80, which bind
to the ends of DNA DSB. Disruption of KU70 repressed
NHEJ and resulted in a higher HR efficiency (20,23). We
tried to delete KU70 of P. pastoris, however, we obtained
much fewer colonies when deleting the fatty acyl-CoA syn-
thase 1 gene FAA1 (Figure 2B). We also found that ku70Δ
caused the loss of large genome fragments when integrat-
ing genes at PNSI-1 site that localized at the chromosome
terminal (Supplementary Figure S4). These data suggested
that the HR process of P. pastoris is not strong enough to
support the HR-mediated DSB repair, and blocking NHEJ
had a negative effect on stability of chromosome terminal.
We next tried to enhance HR process in P. pastoris by over-
expressing the ScSAE2, ScRAD52 and ScRAD51, which
support the highly efficient HR based genome editing in
S. cerevisiae even with short homologous arms of 50 bp
(24,25). Overexpression of ScSAE2 enabled higher positive
rates (12.5%) in seamless deletion of GUT1 compared with
the wild-type strain (0%, Figure 2A). Overexpression of en-
dogenous PpRAD51 and PpRAD52 resulted in much higher
positive rates (Figure 2A). In particular, PpRAD52 overex-
pression the highest positive rate of 77.5% which was 6.6-
fold higher compared with a KU70 deletion strain (Figure
2A). These results agreed with a previous report that Rad52
can promote capture of the second end of DSB, which offers
an alternative way of maturing the intermediates of DSB
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repair. Rad52 can also accelerate the assembly of a Rad51
filament on ssDNA-RPA complex (26). Overexpression of
endogenous PpRAD54 did not improve positive rates of
seamless gene deletion, although it was reported that Rad54
protein could overcome the inhibition of DNA strand ex-
change caused by Rad51 binding to dsDNA, which is ben-
eficial for Rad51 dissociation and DNA strand exchange
(27). Relative quantitative analysis of KU70 and RAD fam-
ily genes expression suggested that RAD52 gene expression
was lower than that of KU70 gene in the wild-type P. pas-
toris, whereas, in S. cerevisiae, RAD52 is expressed at a
higher level compared with KU70 (Figure 2C). The expres-
sion of RAD52 was also the lowest compared with other
three genes in P. pastoris, which further suggested that it
might be the limiting factor of homologous recombination
(Supplementary Figure S5). We also found that high expres-
sion of PpRAD52 was beneficial for HR-mediated GUT1
disruption (Figure 2D). These data suggest that high ex-
pression of RAD52 is essential for efficient homologous re-
combination relative to NHEJ process. PpRAD52 overex-
pression also significantly improved the seamless deletion
efficiency for other genes such as FAA1 and FAA2 (Fig-
ure 2E). These data verified our assumption that the HR
process of P. pastoris was relatively weak and could be en-
hanced by overexpression of the HR-related genes. Homol-
ogous arms with the lengths of 200 bp were effectively for
seamless deletion of FAA1 gene (Figure 2F) and genome
integration of a GFP expression cassette (Figure 2G). Fur-
thermore, PpRAD52 overexpression enabled co-integration
of three fragments into three genomic loci (Supplementary
Figure S2) with a positive rate of 25%, whereas the wild-
type strain failed to yield positive clones (Figure 2H). This
platform was used successfully for co-integration of expres-
sion cassettes of MmCAR, npgA and ScADH5 from a fatty
alcohol biosynthetic pathway (14,15).

Enhancing assembly of multiple gene expression cassettes

Rapid assembly of multiple DNA fragments in plasmids or
single genome loci is helpful for construction and optimiza-
tion of biosynthetic pathways composed of multiple genes
(28). Thus, we assessed the possibility of in vivo assembly of
three gene expression cassettes in fatty alcohol biosynthe-
sis pathway with homologous arms of 500–1000 bp (Figure
3B). PpRAD52 expression had 54-fold higher positive rate
(91.7%) when deleting GUT1 in compared to the wild-type
strain of 1.67% (Figure 2E). However, integration of multi-
ple fragments had relatively low positive rate (25%), making
it difficult and time consuming to obtain the positive clones
(Figure 3C). Thus, we revisited the HR recombination ma-
chinery.

Unlike the single fragment recombination for replace-
ment or deletion, multiple fragments integration occurs
as a multi-invasion-induced rearrangement (MIR) process
(Figure 3A). We here thus tried to enhance the over-
expression of endogenous structure-selective endonucleases
(SSEs) that recognize and cleave the structures formed
at the boundaries of DNA strand exchange intermediates
and have key functions in the MIR process in S. cere-
visiae (29). The synthesis pathway of fatty alcohol was di-
vided into three fragments for multi-fragment recombina-

tion at FAA1 site (Figure 3B). Overexpression of endoge-
nous SSE genes MUS81-MMS4, SLX1-SLX4 or YEN1 sig-
nificantly improved the positive rates of three-fragment in-
tegration, but resulted in lower colony numbers of 27.0%,
81.6% and 59.1% compared with the control strain, re-
spectively (Figure 3C). As a pivotal intermediate in the
homologous recombination process, nascent displacement
loops (D-loops) can be disrupted by the Mph1 and Sgs1-
Top3-Rmi1 helicase-topoisomerase complex in S. cerevisiae
(30). Consequently, deletion of MPH1 resulted in a 2.7-fold
higher positive rate in integration of three fragments, albeit
with a bit fewer colony. Although deletion of SGS1, TOP3
or RMI1 resulted in about 1.5 times higher positive rates
compared with the control strain, the CFU/OD600 num-
bers were dramatically reduced to 5.5–19.8% of the control
strain (Figure 3C). Combination of the PpRAD52 overex-
pression and MPH1 deletion (strain XPD11) improved the
genome integration efficiency of three fragments at a single
genomic locus by 13.5 times in compared to the wild-type
strain (Figure 3D). Further, overexpression of SSE genes
in strain XPD11 led to lower positive rates of 8.1–56.7%,
and further deletion of SGS1, TOP3 or RMI1 resulted in re-
duced positive rates and CFU/OD600 number (Figure 3E).
In the strain XPD11 (PpRAD52, mph1Δ), there was high
and no different positive rates in integrating various cargo
sizes of expression cassettes when genome integration of
three fragments, and a slight decrease of positive rate was
observed in integrating larger single DNA fragments (Sup-
plementary Figure S6). These data showed the robustness
of this system and should be helpful for integration of mul-
tiple genes when constructing long biosynthetic pathways.

We finally monitored the multi-invasion-induced integra-
tion of the three fragments by using a KanMX cassette,
which was divided into three DNA fragments: (1) an up-
stream segment that contained homologous arms to inte-
gration sites, promoters and the upstream region of the
KanMX open reading frame (ORF); (2) the KanMX ORF
lacking the start codon; and (3) the downstream segment
containing downstream region of the KanMX ORF, ter-
minator and downstream homologous arms to the inte-
gration site (Figure 4A). The recombination process can
be tracked on the G418-containing plates because incor-
rect integration would not confer G418 resistance. The
colony number increased with the incubation time, suggest-
ing HR-based repair was time dependent. PpRAD52 over-
expression had a higher repair efficiency in integration of
a single DNA fragment (Figure 4B), whereas further delet-
ing MPH1 improved the repair process only during multi-
invasion-induced integration (Figure 4C). This observation
supported our assumption that Rad52 can promote the cap-
ture of genome DSB whereas mph1Δ could relieve the re-
pression of nascent D-loops that is essential for repair of
multiple fragments with single or non-homologous arms to
chromosomes (Figure 3A).

Neutral site profiling

Extensive metabolic rewiring or engineering of biosyn-
thetic pathways with many plasmid-based expression sys-
tems would require multiple different genetic markers and
likely be unstable due to recombination between plasmids
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Figure 3. Engineering multi-invasion-induced rearrangement process for enhancing genome integration of multiple fragments. (A) Schematic diagram
of multi-invasion-induced rearrangement process. (B) Three fragments were integrated into FAA1 site for constructing the fatty alcohol biosynthetic
pathway. (C) Effect of mph1Δ, sgs1Δ, top3Δ, rmi1Δ and MUS81-MMS4, SLX1-SLX4, YEN1 overexpression on simultaneous genome integration of
three fragments on background strain PC110 with PpRAD52 overexpression. Five to twenty clones from each plate were picked for colony PCR analysis,
and two plates were used. (D) Effect of MPH1 deletion and/or RAD52 overexpression on simultaneous genome integration of three fragments. Forty
clones from two plates were picked for colony PCR analysis. (E) Further engineering HR relating genes in strain XDP11 with mph1Δ and PpRAD52 had
a negative effect on the genome integration of multiple fragments.

A

B C

Figure 4. Monitoring the repair process of multi-invasion-induced integration of multiple DNA fragments. (A) Scheme of genome assembly a KanMX
cassette from three fragments for monitoring the repair process of multi-invasion-induced rearrangement process. (B) The CFU number for integration
of single fragments in strains with MPH1 deletion and/or PpRAD52 overexpression. (C) The CFU number for integration of three fragments in strains
with MPH1 deletion and/or PpRAD52 overexpression. The transformed cells were incubated in recovery medium for 1, 1.5 and 2 h to monitor the repair
process.
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(31). Thus, neutral sites, chromosomal loci that can be dis-
rupted without significant effects on cellular physiology and
metabolism, should be identified and adopted as integration
targets for extensive metabolic engineering. We screened
the annotated P. pastoris genome sequence (10), for regions
with >1500 bp between adjacent ORFs. We excluded 750
bp as potential promoter sequence and 500 bp as potential
terminator sequence. With these two criteria, 53 potential
neutral sites were characterized by integrating an eGFP ex-
pression cassette in PpRAD52 overexpression strain PC110
or PC111 with the established CRISPR-Cas9 system (Fig-
ure 1B, Supplementary Figure S1B), which enabled high
integration efficiencies at almost all neutral sites (Supple-
mentary Table S3). We also inspected the possible influence
of 5′ upstream sequences of PNSI-1 site on eGFP expres-
sion by inserting the DNA sequence of promoter TAOX1
or 250 bp random sequence of PpHIS4 gene into the up-
stream of eGFP expression cassette. There was no signifi-
cant difference in fluorescence intensity compared to that of
pure eGFP expression cassette (Supplementary Figure S7),
which suggested that the variant upstream sequence did not
affect expression of heterologous genes.

To simplify the construction of the gRNA expression
plasmid, we integrated the CAS9 gene into the PNSI-2
site and fixed the N6 variable sequences that are the re-
verse complement of the last six base pairs of the HH
part (Supplementary Figure S1A, B). This operation signif-
icantly shortened the primer length for plasmid construc-
tion without sacrificing the integration efficiencies (Sup-
plementary Figure S1D, E and Supplementary Table S3).
The neutral sites PNSI-15, PNSIII-1, PNSIII-1, PNSIII-
3, PNSIII-9 and PNSIV-1 were excluded due to the failure
in obtaining positive transformants (Supplementary Table
S3), which might be attributed to the non-functional of the
gRNA and/or off-target effect of the CRISPR system. Al-
though correct recombinants at PNSII-2 and PNSIII-2 site
were obtained, they were abandoned due to the low posi-
tive rates. In particular, sgRNA target sequence of PNSII-
2 was located in the CEN2 gene (32), which might cause
genome instability. Integration of eGFP at all potential
neutral site did not retard cell growth in either glucose or
methanol medium (Supplementary Figure S8). Therefore,
we screened 46 neutral sites for further study. We observed
varying eGFP signals at different integration sites (Figure
5A and B), which suggested that genome structure or po-
sition could affect gene expression. Specifically, integration
of eGFP at the PNSIV-16 site showed the strongest fluores-
cence intensity because there are two bidirectional copies of
genomic PNSIV-16 sequence.

With these neutral sites, we genomically integrated two
types of fatty alcohol biosynthetic pathways (Figure 5C)
that derived from free fatty acid (FFA) or fatty acyl-CoA
(14). Integration of three codon-optimized genes of an
FFA-derived pathway, enabled production of 48 mg/l fatty
alcohols (Figure 5D). Integration of codon-optimized Fa-
CoAR encoding fatty acyl-CoA reductase, enabled the pro-
duction of 306 mg/l fatty alcohols (Figure 5D). Because
eGFP signals varied at the different integration sites, we as-
sessed the expression of the fatty alcohol biosynthesis by
integration of FaCoAR at different neutral sites. Consis-

tently, fatty alcohol production positively correlated with
the integral of eGFP intensities (R2 = 0.86, Figure 5E, Sup-
plementary Figure S9), which suggested that the neutral
site can be used for varying gene expression and pathway
optimization.

Promoter profiling

Promoters are essential elements of gene regulation and can
be used to balance metabolic pathways (33). A plethora of
promoters were recently characterized by microarray anal-
ysis (34). However, the complex expression patterns of pro-
moters of P. pastoris have not been fully profiled on different
carbon sources (glucose, and methanol) over a time scale,
and such profiling could be beneficial for dynamically reg-
ulating biosynthetic pathways. Thus, we integrated a col-
lection of promoters at the neutral PNSII-5 site and pro-
filed their activities in a time-dependent manner at different
carbon sources. In minimal glucose medium, the promoters
related to glucose metabolism produced strong eGFP sig-
nals, among which, PGAP was the strongest one (Figure 6A).
The eGFP signals were highly induced during exponential
growth phase and reached the highest level at 20 h (Figure
6A and Supplementary Figure S10). Then, eGFP signals
decreased considerably with glucose consumption, which
showed that the promoters PGAP and PTEF1were not strictly
constitutive. The promoters related to methanol utiliza-
tion were completely repressed in minimal glucose medium
(Figure 6B), which displayed strong glucose catabolite re-
pression on methanol metabolism. In minimal methanol
medium, the methanol utilization promoters were all in-
duced, among which PDAS2 and PAOX1 were classified as
strong methanol induced promoters, PCAT1 was classified as
moderate methanol-induced promoter and other promoters
were assigned as weak methanol-induced promoters (Fig-
ure 6B). These results were in accord with the expression
profile of these promoters in previous reports (22,34). The
glucose metabolism promoters had comparable but more
stable expression in methanol medium compared with ex-
pression in glucose medium (Figure 6), which suggested that
these promoters could be used for construction of biosyn-
thetic pathways for methanol biotransformation. Lastly, we
investigated the promoter profile in minimal medium con-
taining 20 g/l glucose and 10 g/l methanol (G20M10).
In this case, the glucose metabolism promoters had sim-
ilar expression profiles in compared to the glucose-only
medium. Conversely, the methanol utilization promoters
were completely repressed even after depletion of the glu-
cose (Figure 6C), which revealed that glucose catabolites
had strong repression on methanol catabolism. There was
no strict de-repression phase during the cultivation pro-
cess, unless a certain proportion of the new medium was
added (34).

Two-factorial regulation of chemical production via neutral
sites and promoters

Because the integration sites (Figure 5) and promoters (Fig-
ure 6) drove gene expression to varying levels, we investi-
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Figure 5. Neutral site profiling by expression of eGFP and production of fatty alcohol. (A) The eGFP expression level from different neutral sites in
minimal medium containing 20 g/l glucose. (B) The eGFP expression level from different neutral sites in minimal medium containing 10 g/l methanol.
(C) The fatty alcohol biosynthetic pathways. The fatty acid derived pathway consists of the genes encoding carboxylic acid reductase from Mycobacterium
marinum (MmCAR), the activation proteins (NpgA) and S. cerevisiae ADH5 (ScADH5). The fatty acyl-CoA derived pathway consists of fatty acyl-CoA
reductase gene FacoAR and ScADH5. The endogenous fatty aldehyde dehydrogenase gene HFD1 was deleted to block the fatty aldehyde consumption. (D)
The fatty alcohol titers by fatty acid or fatty acyl-CoA derived pathways. (E) The correlation of fatty alcohol titers and eGFP signals with the integration
of FacoAR or eGFP expression cassette at various neutral sites.
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A

B

C

Figure 6. Time-dependent profiling of various promoters with glucose or methanol as carbon source. (A) The fluorescence of eGFP controlled by various
promoters in minimal glucose medium. (B) The fluorescence of eGFP controlled by various promoters in minimal methanol medium. (C) The fluorescence
of eGFP controlled by promoters in minimal medium containing 20 g/l glucose and 10 g/l methanol. Supplementary Figure S8 contains cell growth and
carbon source profiles can be found in. All data represent the mean ± s.d. of three independent yeast clones.

gated a two-factorial regulation strategy for tuning gene ex-
pression by combining different neutral sites and promot-
ers. We selected the promoters (PTPI, PTEF1 and PGAP) and
the neutral sites (PIV-3, PIV-9 and PIV-16) for tuning gene
expression because they showed a large variation in con-
trolling eGFP expression (Figures 5A and 6A). Different
combinations of these two elements led to a 7.3-fold range
in eGFP expression (Figure 7A). We then used this strat-
egy to regulate FaCoAR expression and observed a 30-fold
range in fatty alcohol production (12.6–380 mg/l) on glu-

cose medium, which was similar to the eGFP signal pro-
file (Figure 7B). These data demonstrated that this two-
factorial regulation can be used to balance metabolic path-
ways by tuning the expression of corresponding genes. We
also tried to use methanol as a carbon source for fatty al-
cohol production, which was much lower than that of glu-
cose as a carbon source (Supplementary Figure S11). Fur-
ther rewiring the cellular metabolism should be required
for enhancing the conversion of methanol toward target
products.
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A B

Figure 7. Engineering fatty alcohol biosynthesis in P. pastoris with characterized neutral sites and promoters. (A) The corresponding eGFP signal integral
with different neutral sites and promoters. (B) Two-factorial regulation of fatty alcohol biosynthesis by tuning the expression of FaCoAR with different
neutral sites and promoters. The fatty alcohols were extracted from 72 h cultivated cells at 30◦C, 220 rpm. The cells were cultivated in Delft minimal
medium with 20 g/l glucose. All data represent the mean±s.d. of three yeast clones.

DISCUSSION

Non-conventional yeasts have been recognized as poten-
tial chassis cell factories because of their desirable pheno-
types, including Crabtree negativity, thermotolerance, and
broad substrate spectrum (35). As a ‘generally regarded as
safe’ (GRAS) microorganism, P. pastoris is an industrially
important host for heterologous protein production. Re-
cently, P. pastoris has gained considerable interest as a host
for metabolic engineering to produce value-added products
(6). In particular, P. pastoris’s methanol utilization feature
makes it a potential host for methanol biotransformation
toward value-added chemicals (7,36). P. pastoris has been
also engineered into an autotroph for CO2 utilization with
methanol as an electron donor (37).

Convenient genetic tools are prerequisites for exten-
sive metabolic rewiring toward robust microbial cell fac-
tories. Here we established a genetic toolbox for P. pas-
toris that included enhanced HR process for precise ge-
netic manipulation, characterization of genome neutral
sites for gene integration and promoter profiling for tun-
ing gene expression. We also established a two-factorial
regulation strategy to tune the gene expression by com-
bining adoption of promoters and neutral sites. This ge-
netic toolbox enabled the genomic reconstruction and reg-
ulation of fatty alcohol biosynthetic pathways with a high
variance.

The CRISPR-Cas9 system revolutionized genome edit-
ing with high efficiency, accuracy and convenience, and the
system has been adapted to several non-conventional yeasts
(4,38). Optimization of the CRISPR-Cas9 system by di-
verse codon-optimized Cas9 genes and promoters for ex-
pression of Cas9 and sgRNA has enabled efficient targeted
cleavage of genome DNA in P. pastoris (11). However, the
dominance of NHEJ in DSB repair interferes with seamless
gene deletion and targeted integration of homologous DNA
cassettes (with correct targeting rates of <30%) in P. pas-
toris (20,23). Repression of NHEJ by deleting KU70/KU80

significantly improved the positive rate of seamless gene
deletion and targeted DNA integration in various non-
conventional yeasts (20,23,39–43). However, permanent in-
activation of NHEJ might not be desirable due to its es-
sential role in general DNA repair process. It was observed
that Ku deficient strain had much less colony number(41,43)
and silence of heterologous genes (44) in compared to the
wild-type strain. We here also observed DNA sequences loss
when targeting to the chromosomal terminal position. Al-
ternatively, we showed that overexpression of HR-related
genes significantly improved the positive rates of DNA in-
tegration and seamless gene deletion. In particular, RAD52
overexpression produced the highest positive rates even
with constructs that had relatively short homologous arms;
this effect may have been due to improved competition with
Ku proteins for binding to DSB (45). Similarly, heterolo-
gous expression of S. cerevisiae ScRAD52 significantly im-
proved HR in mammalian cells (46) and Yarrowia lipolyt-
ica (47). The greater expression of RAD genes in S. cere-
visiae likely explains the high homologous recombination
efficiency relative to NHEJ process in S. cerevisiae. These
data suggested that the HR process is naturally severely sup-
pressed by NHEJ, and it needed to be enhanced for precise
genome engineering in P. pastoris. It should be mentioned
that high expression of RAD52 with an episomal plasmid
resulted no transformant and chromosomal integrated ex-
pression of RAD52 had similar growth profile in compared
to the wild-type strain (Supplementary Figure S12), which
suggested moderate expression of RAD52 is very essen-
tial for cellular fitness. Interesting, we recently found that
the expression of RAD51, not RAD52 was limited in HR
process of Ogataea polymorpha (48), suggesting the dif-
ference expression profile of RAD genes among different
organisms.

Simultaneous integration of multiple DNA fragment at
one genomic locus is of interest in construction of multi-
step biosynthetic pathways, which can be easily created
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in S. cerevisiae because of its efficient HR system (28).
Compared with a single DNA fragment with two flank-
ing homologous arms, multiple DNA fragments have only
one (the side fragments) or no homologous arm (the mid-
dle fragments) to genome sequence, which makes it more
challenging to form the HR pivotal D-loops intermedi-
ates (Figure 3A) (30). Disruption of the endogenous heli-
case gene MPH1 significantly improved the simultaneous
assembly of three DNA fragments into the genome, pos-
sibly owing to the higher stability of D-loops (30). Mph1
disrupts the nascent D-Loops and represses the D-Loop
extension in S. cerevisiae, which funnels HR toward non-
crossover-based recombination and improves genome sta-
bility (29,30,49). However, multiple DNA fragment assem-
bly relies on crossover-based repair with multi-invasions,
and MPH1 disruption might loosen the rigorousness of
DNA repair, thereby improving the efficiency of multi-
invasion of three DNA fragments. RAD52 overexpression
improved cell viability in both single and three DNA frag-
ment assembly, whereas MPH1 disruption improved cell
viability only in three DNA fragment assembly. This re-
sult suggested that attenuated resection of double-strand
break ends was beneficial for stability of D-Loop and as-
sembly of multiple DNA fragments in P. pastoris. Although
the Sgs1-Top3-Rmi1 (STR) helicase-topoisomerase com-
plex is also shown responsible for disruption of nascent D-
Loops, we found that disruption of SGS1 severely ham-
pered cell viability when assembling three DNA fragments.
This negative effect of SGS1 disruption can be explained
by the fact that Sgs1 promotes heteroduplex rejection and
channels toward break-induced repair, which always occurs
with short homologous arms or single-sided homologous
arms (49). Further, disruption of STR genes (SGS1, TOP3
and RMI1) or overexpression of SSE genes (SLX1-SLX4
and MUS81-MMS4) with PpRAD52 overexpression and
MPH1 deletion reduced the positive rates and CFU num-
bers, which suggested that balancing SSE and helicase was
essential for multiple fragment integration. In general, ho-
mologous recombination is a dynamic process that enables
high-fidelity DNA repair through multiple metastable and
reversible intermediates. This dynamic balance is even more
necessary for a multi-fragment repair process (50). Actually,
it has been reported that high expression level of Mus81-
Mms4 may cause premature termination of D-loop in ho-
mologous region and the failure of multi-fragment homol-
ogous recombination up on MPH1 deletion in S. cerevisiae
(51). The process of DNA homologous recombination re-
pair is complex, which is worthy to be studied further in
P. pastoris.

Stable expression is considered a prior factor in con-
structing robust cell factories for the extended period of
industrial fed-batch process. Therefore, genomic integra-
tion is more favored during strain development compared
with plasmid-based expression (52). The abundance of neu-
tral loci strongly supported the extensive metabolic engi-
neering in S. cerevisiae (31,53). However, there is a lim-
ited number of gene integration sites were identified in non-
conventional yeasts such as Y. lipolytica (54,55) and O. poly-
morpha (56). In general, a heterologous gene was integrated
into the sites of alcohol oxidase gene AOX1 or gene HIS4

by a single crossover event in P. pastoris (57). Recently, three
integration sites were identified and used to construct the 6-
methylsalicylic acid biosynthetic pathway in P. pastoris (39).
However, the lack of sufficient integration sites is still a ma-
jor obstacle in constructing P. pastoris cell factories. Avail-
ability of abundant neutral sites would facilitate genomic
integration of multiple genes for more comprehensive and
predictable metabolic engineering (58,59). Furthermore,
availability of promoters with various strengths should en-
able pathway balancing by tuning the expression of corre-
sponding genes. With our high HR-based genetic engineer-
ing platform, we screened 46 possible neutral sites and char-
acterized 18 promoters by efficient genomic integration of
an eGFP expression cassette. Interestingly, the eGFP sig-
nals driven by PGAP of different neutral sites varied 3.9-fold
and 4.7-fold after 24 h in glucose and methanol medium at
shaker fermentation condition, respectively. Similarly, 8.7-
fold and 2.4-fold differential expressions due to chromoso-
mal location were found in S. cerevisiae and E. coli, respec-
tively (52,53). This finding indicated that chromosome lo-
cation affected gene transcription. Furthermore, the eGFP
signals of all neutral sites were more stable in methanol
medium than in glucose medium, which suggested that
PGAP promoted more stable transcription in methanol
medium. Similarly, constitutive promoters, mainly related
to glucose metabolism, had decreased strength over time
in glucose medium even in the presence of glucose, but
they showed stable strength in methanol medium. The
methanol-responsive promoters were completely repressed
in glucose medium and could not be de-repressed or re-
activated by methanol even after depletion of the glucose
in mixed glucose and methanol medium. These data sug-
gested methanol metabolism is severely repressed by glucose
catabolites. Previous studies also identified or constructed
a variety of (artificial) promoters, which provided sufficient
regulation elements for balancing the metabolic pathways
(22,60,61).

The varying expression from different neutral sites en-
ables both construction and regulation of fatty alcohol
biosynthetic pathways. In addition to the diversified pro-
moter profiles, we can optimize metabolic pathways by us-
ing combinations of different promoters and neutral sites,
leading to dynamic regulation of the fatty alcohol biosyn-
thesis with a 30-fold range. The highest fatty alcohol titer
(380 mg/l) was comparable with comprehensively engi-
neered non-oleaginous yeasts (Supplementary Table S4)
(14,62–67). This two-factorial regulation strategy should be
beneficial for balancing biosynthetic pathways by regulating
the expression of corresponding genes.

In summary, we established a genetic engineering plat-
form with high HR efficiency by systematically engineering
the recombination machinery in P. pastoris (Table 1). With
this platform, we rapidly characterized the neutral sites and
profiles several promoters in different cultivation condi-
tions, which provides sufficient genetic elements and also
a two-factorial regulation strategy for extensive metabolic
engineering of P. pastoris. The knowledge and strategies de-
scribed here should be conveniently applied to other non-
conventional yeasts for construction of robust microbial cell
factories.
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Table 1. Genetic engineering tools for P. pastoris

HR mediate genetic engineering

Strain engineering Cas9 expression
sgRNA

expression

Genome
cutting

efficiency
Seamless
deletion

Genome
integration

Marker
needed

Minimal
HA

length Ref.

/ PHTA1, episomal PHTB1, episomal 43–95% 2.4% Single gene (24%) Yes 1000 bp (11)
ku70� for blocking NHEJ PHTA1, episomal PHTB1, episomal 94% gut1�

(100%)
/ No 1000 bp (20)

ku70� for blocking NHEJ PENO1, episomal PtRNA3, episomal 93% / Three genes
(20%)

No 500 bp (12)

ku70� for blocking NHEJ PHTA1, episomal PFLD1, PAOX1, or
PGAP, episomal

75–98% / Two genes
(58–70%)

No 1000 bp (39)

Three genes
(13–32%)

Enhance HR by
overexpressing RAD52
and/or deleting MPH1

PHTA1, episomal PHTB1, episomal 93% gut1�

(90%)
Single gene
(43–70%)

No 50 bp This
study

faa1�

(88%)
Three genes at
one site (67.5%)

faa2�

(88%)
There genes at
three sites (25%)

HR, homologous recombination; HA, homologous arms.
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