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Abstract 

K omagataella phaffii ( Pic hia pastoris ) is a methylotrophic yeast that is fav or ed by industr y and academia mainl y for expr ession of heter ol- 
ogous pr oteins. Howev er, its full potential as a host for biopr oduction of v alua b le compounds cannot be full y exploited as genetic tools 
ar e la gging behind those that ar e av aila b le for baker’s yeast. The emergence of CRISPR-Cas9 technology has significantl y impr ov ed the 
efficiency of gene manipulations of K. phaffii , but impr ov ements in gene-editing methods ar e desira b le to further accelerate engineer- 
ing of this yeast. In this study, we ha ve de veloped a versatile vector-based CRISPR-Cas9 method and showed that it works efficiently 
at different genetic loci using linear DN A fr agments with very short targeting sequences including single-stranded oligonucleotides. 
Nota b l y, we performed site-specific point mutations and full gene deletions using short (90 nt) single-stranded oligonucleotides at 
v er y high efficiencies. Lastl y, we pr esent a str ate gy for tr ansient inacti v ation of nonhomologous end-joining (NHEJ) pathw ay, wher e 
KU70 gene is disrupted by a visual marker ( uidA gene). This system ena b les pr ecise CRISPR-Cas9-based editing (including multiplex- 
ing) and facilitates simple r ev ersion to NHEJ-proficient genotype. In conclusion, the tools presented in this study can be applied for 
easy and efficient engineering of K. phaffii strains and are compatible with high-throughput automated workflows. 

Ke yw ords: Cas9; oligonucleotide; mutagenesis; multiplexing; KU70; transient-NHEJ; uidA marker 
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Introduction 

Komagataella phaffii (aka. Pichia pastoris ) is a methylotrophic yeast 
that has gained its popularity as a pr eferr ed host for heterologous 
pr otein expr ession and is being widely used for academic and in- 
dustrial purposes (Yang and Zhang 2018 , Werten et al. 2019 ). Most 
importantly is the use of a one carbon substrate (e.g. methanol) 
for bioconversion or production of high value products. Ho w ever,
in recent years, K. phaffii has also been increasingly applied as a 
cell factory for production of small value-added molecules using 
various carbon sources as substrates; reviewed in Peña et al. ( 2018 ) 
and Yang and Zhang ( 2018 ). For example, Gassler et al. ( 2020 ) has 
r ecentl y demonstr ated that K. phaffii can be engineered to assimi- 
late CO 2 . In addition, industrially relevant physiological character- 
istics have boosted K. phaffii application in fundamental research 

(Karbalaei et al. 2020 , Bernauer et al. 2021 ). T hus , with r a pidl y 
gr owing inter est in this or ganism, the de v elopment of efficient 
methods for gene editing that are compatible with high through- 
put experiments are necessary. 

Gene editing in the K. phaffii is hampered by the dominance 
of the nonhomologous end-joining (NHEJ) DNA repair pathway, 
whic h favors r andom integr ation ov er specific genetic engineer- 
ing that can be obtained by homologous recombination (HR)- 
mediated repair (Näätsaari et al. 2012 ). The emergence of CRISPR- 
Cas9 technology has revolutionized gene engineering of many 
nonmodel yeasts (Stovicek et al. 2017 , Cai et al. 2019 ) and has 
also been successfully adapted to K. phaffii (Weninger et al. 2016 ),
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her e the r epertoir e of CRISPR-Cas9 tools steadil y incr eases (Gu
t al. 2019 , Liu et al. 2019 , Dalvie et al. 2020 , Cai et al. 2021 , Liao
t al. 2021 , Gao et al. 2022 , Wang et al. 2023 ). DNA double strand
reaks (DSBs) induced by a CRISPR nuclease allow easy gene in-
ctivation via erroneous NHEJ-based repair, as well as it increases
he efficiency of template guided gene editing mediated by HR.
o w e v er, r ecent studies hav e demonstr ated that CRISPR nuclease

nduced DNA DSBs, despite the intended edits, also induce un-
anted off-tar get m utations and/or r esult in gr oss c hr omosomal
 earr angements in NHEJ-pr oficient str ain bac kgr ounds (Sc huster-
auer et al. 2022 , Garrigues et al. 2023 ). T hus , to impro ve gene-
argeting efficiency and to minimize occurrence of unwanted mu- 
ations it is desirable to inactivate the NHEJ pathw ay. Ho w ever, the
resence of the ku70 mutation may influence the final phenotype
f the engineered strain. For example, deletion of YKU70 in S. cere-
isiae confers a temper atur e-sensitiv e phenotype, affects telom- 
re length, and expression of telomere-proximal genes (Feller- 
off et al. 2000 ). Mor eov er, elimination of NHEJ negativ el y af-

ects transformation and growth rates and increases sensitivity 
o radiation and other DNA-damaging conditions (Carvalho et 
l. 2010 , Näätsaari et al. 2012 ). Recently, Shao et al. ( 2022 ) have
emonstr ated significant impr ov ement in pr oduction of r ecombi-
ant protein when ku70 mutation was complemented. T hus , af-
er CRISPR-based cell factory construction in an NHEJ-deficient 
ac kgr ound, it is recommended to reinstate the NHEJ pathway
efore conducting a comprehensive performance evaluation; and 
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ethods that allow simple ways to r estor e NHEJ ar e ther efor e
esirable. 

CRISPR sets the stage for simple multiplexing and high-
hroughput genetic-engineering. In K. phaffii , this potential is
oorly exploited and methods that simplify delivery of multiple
gRNAs and gene tar geting substr ate (GTS) assembl y ar e in de-
and. In this w ork, w e have developed a highly efficient CRISPR-

as9 method for engineering of pr ototr ophic K. phaffii strains. Our
ethod is based on one plasmid system that facilitates simulta-

eous coexpression of Cas9 and single or m ultiple arr ays of sgRNA
assettes . We ha v e e v aluated our method by modifying m ulti-
le genetic loci with linear GTSs equipped with homology arms
f v arying size. Importantl y, we hav e demonstr ated that short
90 nt) single-stranded DNA oligonucleotides are sufficient to me-
iate repair of Cas9 induced DSBs, thus significantly reducing time
nd cost needed for construction of complex GTSs . Moreo ver, we
resent a method for transient disruption of the NHEJ pathway by

nserting the visually selectable uidA (Jefferson et al. 1987 ) marker
nto KU70 . The system enables precise Cas9-mediated gene mod-
fications and simultaneous, easy to detect, r ecov ery of the NHEJ
athway to the wild type state . Moreo ver, the color marker associ-
ted with the NHEJ pathway facilitates effortless selection of yeast
olonies that are proficient for HR, and which have therefore most
ikel y under gone the intended genetic manipulations. 

aterials and methods 

trains and cultivation media 

sc heric hia coli DH5 α str ain was used for plasmid assembly and
mplification. In all cases, E. coli strains were cultivated in
 ysogen y br oth (LB) medium (Bertani 1951 ) supplemented with
00 mg/l of ampicillin (Sigma). Komagataella phaffii (CBS 2612) was
sed as the genetic bac kgr ound for all yeast experiments. Ko-
agataella phaffii was cultivated in yeast extract peptone dex-

rose (YPD) medium containing 1% yeast extract, 2% peptone, and
% glucose (and 2% of agar for solid media). For the selection
f transformed yeast strains, YPD medium was supplemented
ith 100 mg/l of nourseothricin (NTC; Werner BioAgents). For blue

olon y scr een ( uidA marker), solid medium was additionally sup-
lemented with 60 mg/l X-Gluc (Thermo Fisher Scientific). 

CR and sequencing 

ll DNA fr a gments for plasmid or GTS construction wer e ampli-
ed by pol ymer ase c hain r eaction (PCR) using Phusion U Master
ix (ThermoFisher) according to the manufacturer’s recommen-

ations. All primers used in this study were obtained from Inte-
r ated DNA Tec hnologies and ar e listed in Supplementary Table
1 . All PCR fr a gments wer e gel-purified using NucleoSpin Gel
nd PCR Clean–up Kit (MA CHEREY-NA GEL) b y follo wing manufac-
ur er’s pr otocol. Plasmid minipr eps wer e pr epar ed using GeneE-
ute Plasmid MiniPrep Kit (Sigma-Aldrich) according to the manu-
actur er’s pr otocol. Ne w DN A constructs w er e v alidated by Sanger
equencing using the Mix2Seq service (Eurofins). All plasmids
sed and constructed in this work are listed in Supplementary
able S2 . Synthetic DNA sequences were ordered as gBlocks from
DT ( https://eu.idtdna.com ). 

Dia gnostic PCR r eactions wer e used to confirm m utations in
east tr ansformants. Routinel y, eight r andom colonies per eac h
iological replicate were selected for PCR analysis. All colony PCRs
ere done using Quick-Load ® Taq 2X Master Mix (New England Bi-
labs) according to the manufacturer’s recommendation. Prior to
CR, samples wer e thermall y pr etr eated to l yze the cells (98 ◦C for
 min, 4 ◦C for 30 s, 98 ◦C for 5 min, and 80 ◦C for 10 min). The size of
CR fr a gments wer e determined by 1% a gar ose gel electr ophor e-
is. In selected cases, PCR fr a gments wer e column-purified and
anger sequenced using the service provided by Mix2Seq (Eu-
ofins). 

N A assembl y 

onstruction of sgRNA and Cas9 expressing plasmids 
lasmids used in this work were constructed by USER cloning
Nour-Eldin et al. 2006 ) using the uracil-specific excision reagent
USER™). The basic Cas9 expression plasmid (pDIV151) was as-
embled by inserting PCR fr a gments containing the GAP1 pro-
oter amplified from genomic DN A (gDN A) of K. phaffii (CBS 2612)

nd the cas9-ScCYC1t cassette amplified from plasmid pCfB2312
Stovicek et al. 2015 ) into a vector fragment obtained by linearizing
DIV019 (Struc k o et al. 2021 ) with AsiSI/Nb.BsmI. For the r ele v ant
CR primers, see Supplementary Table S2 and Supplementary Fig.
1 . The basic sgRNA-Cas9 plasmid (pDIV153) was constructed by
nserting thr ee PCR fr a gments: the TEF1 pr omoter fr om K. phaf-
i , an s gRN A–tRN A construct from pFC902 plasmid (Nødvig et al.
018 ), and the AOX terminator from K. phaffii , into AsiSI/Nb.BsmI
igested pDIV151 v ector. Deriv ativ es of pDIV153 expressing dif-
erent single sgRNAs were assembled as follows: for each unique
gRN A cassette tw o PCRs fr a gments amplified fr om the pDIV153
lasmid using specific primer sets (see Supplementary Fig. S1 for
etails). Next, the r esulting PCR fr a gment pairs wer e individuall y
SER-fused into the linearized pDIV151 bac kbone, r esulting in

he following plasmids: pDIV259 (sgRNA1-IS1), pDIV260 (sgRNA1-
S3), pDIV270 (sgRNA1-KU70), pDIV272 (sgRNA2-uidA), pDIV273
sgRNA1-ADE2), and pDIV274 (sgRNA2-ADE2). A Cas9 vector ex-
ressing tw o sgRN As ( PEP4 and uidA ) w as assembled as follo ws:
hr ee differ ent PCR fr a gments wer e amplified from pDIV153 by
pecific primer pairs (see Supplementary Fig. S1 for details) and
SER-fused into pDIV151 bac kbone, r esulting in a pDIV602 plas-
id. A detailed plasmid construction pr ocedur e for all Cas9 and

gRNA expr essing v ectors is depicted in Supplementary Fig. S1 .
he list of all plasmids used in this work is in Supplementary
able S2 . The r ele v ant plasmids and their maps will be available
t https:// www.addgene.org/ Uffe _ Mortensen/ upon publication of
his manuscript. 

onstruction of plasmids harboring GTSs 
he assembly of mVenus expressing cassettes flanked by long
omology (LH) sequences guiding to specific loci [Integration
ite IS1 (GenBank: FR839628.1:1356524..1358623) or IS3 (GenBank:
R839629.1:839629..394663)] in the genome of K. phaffii was done
n two steps. First, an mVenus expressing plasmid (pDIV479) was
onstructed by cloning TEF1 promoter amplified from K. phaf-
i gDNA, and an mVenus-ScCYC1t cassette amplified from a syn-
hetic gBlock (IDT), into a PacI/Nt.BbvCI linearized vector pAC125
Hansen et al. 2011 ). Second, locus specific upstream and down-
tream homology arms were amplified from K. phaffii gDNA , and
ndividually USER-cloned into a PacI/Nt.BbvCI linearized pDIV479
ector. The two resulting plasmids were denoted as pDIV505 (for
ntegration site IS1), and pDIV506 (for integration site IS3). Simi-
arl y, the assembl y of the uidA expr essing cassette for disruption
f KU70 homolog was done in two steps. First, an uidA express-
ng plasmid (pDIV033) was constructed by USER-cloning TEF1 pro-

oter amplified from S. cerevisiae gDNA, and an uidA-ScCYC1t cas-
ette amplified from a synthetic gBlock (IDT), into AsiSI/Nb.BsmI
inearized pDIV019 vector. Second, the KU70 disrupting vec-
or (pDIV643) was constructed by cloning KU70 locus-specific

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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Ta ble 1. sgRN As used in this study. Note, sgRNA names indicate intended gene targets. 

sgRNA name 20-nt variable region of sgRNAs Plasmid 

sgRNA1-URA3 A CGA CGA CTGTTTGCGCTTA pDIV153 
sgRNA1-ADE2 GCTGCGCAA GA CCA CATCGA pDIV273 
sgRNA2-ADE2 CAATGGA GA CCGAA GTGTTG pDIV274 
sgRNA1-KU70 AAGCAA T ACGACA TCCACGA pDIV270 
sgRNA1-IS1 GAAA CA GTCCAA CA GTAA GC pDIV259, pDIV519 a , pDIV520 b , pDIV521 c 

sgRNA1-IS3 TGTTGA T AA TGGACCGTGGG pDIV260, pDIV519 a , pDIV520 b , pDIV521 c 

sgRNA1-IS5 CTGGCC AATCTC ATCTC ATG pDIV521 c 

sgRNA1-IS7 GAAA CTGGGGA GATGCA GA G pDIV520 b and pDIV521 c 

sgRNA2-uidA TA CTTCA GAA GCGTTGGA CC pDIV272 and pDIV602 a 

sgRNA1-PEP4 TGGTTCA GGAAA GTCCATGG pDIV581 and pDIV602 a 

a Plasmid encodes two sgRNA species, b three sgRNA species, and c four sgRNA species. 
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upstream and downstream homology sequences amplified from 

K. phaffii gDNA, and ScTEF1p-uidA-CYC1t cassette, amplified from 

pDIV033, into P acI/Nt.Bb vCI linearized pAC125 v ector. A detailed 

cloning pr ocedur e for all GTS expr essing v ectors is depicted in 

Supplementary Fig. S2 . Prior to transformation into K. phaffii , plas- 
mids pDIV505, pDIV506, and pDIV643 were linearized with NotI 
enzyme in order to liberate linear DNA fr a gments (GTSs). 

Construction of PCR-based GTSs 
The mVenus expressing cassettes flanked by short homology 
(SH) sequences guiding to specific loci in the genome of 
K. phaffii were obtained by PCR using template pDIV479 as 
template and primers pairs (PR_DIV1509 + PR_DIV1510) and 

(PR_DIV1511 + PR_DIV1512). These primer sets contain 60 bp tails 
homologous to upstream and downstream regions of IS1 and IS3 
loci, r espectiv el y. A GTS used to r estor e the wild-type KU70 geno- 
type was PCR-amplified from K. phaffii gDNA with a specific primer 
pair (PR_DIV2660 + PR_DIV2661). A detailed pr ocedur e for con- 
struction of PCR-based GTSs is depicted in Supplementary Fig. S3 .

Design of 20 nt variable parts of sgRNAs 

The variable 20-nt targeting sections of each sgRNA (see Table 1 ) 
were designed using CRISPRdirect ( https:// crispr.dbcls.jp/ ); an on- 
line tool de v eloped by Naito et al. ( 2015 ). 

Tr ansforma tion of K. phaffii 
All K. phaffii strains were transformed using an electroporation 

method slightly modified from Lin-Cereghino et al. ( 2005 ). In brief,
a single colony was inoculated into 5 ml of YPD media and incu- 
bated O/N at 30 ◦C with 200 rpm shaking. Next day, appropriate 
volume of O/N culture was tr ansferr ed into a fresh 50 ml of YPD in 

500 ml baffled shake flask to a starting OD of ∼0.1. Fresh cultures 
were incubated at 30 ◦C with orbital shaking at 200 rpm until OD 

of ∼1.5 was ac hie v ed ( ∼5 h). Cells wer e collected by centrifugation 

at 3000 × g for 5 min, the supernatant w as discar ded and the pel- 
let was resuspended in 20 ml of Transformation Buffer (100 mM 

LiAc, 10 mM DTT, 0.6 M sorbitol, and 6 mM Tris HCl pH 8.5) and in- 
cubated at room temperature for 30 min. Cells were centrifuged 

at 3000 × g for 5 min, and the supernatant w as discar ded. P el- 
lets wer e r esuspended in 1.5 ml 1 M ice-cold sorbitol and trans- 
ferred to sterile 2 ml eppendorf tubes . T he pellets were washed 

three times using 1 M ice-cold sorbitol follo w ed b y centrifugation 

at 10 000 × g for 30 s; and then resuspended in 2 ml of 1 M ice- 
cold sorbitol. The cell suspension was distributed into 10 sterile 
1.5 ml eppendorf tubes (200 μl per vial) and used for transforma- 
tion, or frozen at −80 ◦C for later use. Routinely, ∼0.2 pmol of plas- 
mid was added to the mix, and 1 pmol of linear DN A w as added 
hen r equir ed. The cell-DN A mix w as incubated on ice for 5 min
nd tr ansferr ed to an ice-cold 2 mm electr opor ation cuv ette. Cells
er e electr opor ated by Bio-Rad Micr oPulser Electr opor ator using
redefined “Pic” settings for P. pastoris (1 pulse at 2 kV) and imme-
iatel y tr ansferr ed into 2 ml eppendorf tubes containing 0.8 ml
f ice-cold YPD (containing 1 M Sorbitol). The cell suspension was
ncubated for 3 h at 30 ◦C without shaking and plated on selective

edia. Tr ansformation plates wer e incubated for 3–5 days at 30 ◦C.
ac h tr ansformation experiment was done in four r eplicates. 

. phaffii mutant strain construction 

wo NHEJ-deficient K. phaffii strains were constructed as fol- 
ows: sDIV0360, containing a single nucleotide deletion (A32 �) in
U70 , w as made b y tr ansforming wild-type str ain sDIV0084 (CBS
612) with the pDIV270 plasmid. Transformants were selected and 

treak purified on solid YPD + NTC medium. The mutation was
alidated by Sanger sequencing ( Supplementary Fig. S4 ). 

sDIV291 containing ku70::uidA was obtained cotransforming 
ild-type strain sDIV0084 with the pDIV270 plasmid and linear 
TS containing uidA and incubated on solid YPD + NTC + X-Gluc
edium. The GTS was liber ated fr om the plasmid pDIV643 by
otI and gel purified prior to use. Transformants containing the
u70::uidA allele were identified by colony PCR (see text below).
trains sDIV291 and sDIV360 were cured for sgRNA–Cas9 plas- 
ids prior to stor a ge and for use in subsequent experiments. 

mage acquisitions 

omagataella phaffii colonies on solid medium were photographed 

sing an SLR camera (Nikon D90). Settings for the white light pho-
ogr a phy wer e as follows: ISO Speed—ISO250, F-stop—f/7.1, expo-
ure time—1/80 s, and focal length—60 mm. Yellow fluorescence 
mVenus) was examined by using an in-house built setup employ- 
ng a light and filter set (NIGHTSEA™) in combination with a digi-
al camera, for details, see Vanegas et al. ( 2019 ). For acquisition of
uor escent ima ges in all cases the exposur e time was fixed to 1.6 s
nd the remaining settings were as follows: ISO Speed—ISO200, F-
top—f/7.1, and focal length—60 mm. 

esults and discussion 

RISPR-Cas9 tool design and v alida tion 

he strength of the CRISPR-Cas technology is that its sgRNA-
uided CRISPR endonuclease can be effortlessly reprogrammed 

o cleave at almost any sequence in the genome to set the
ta ge for tar geted gene editing. Ho w e v er, the success and effi-
iency of CRISPR tools relies highly on well-balanced expression 

f specific sgRNA and Cas9, and often r equir es m ultiple steps of

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://crispr.dbcls.jp/
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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Figur e 1. T he design of the CRISPR-Cas9 gene-editing system for K. phaffii . (A) A schematic representation of the sgRNA–cas9 expression vector. 
UCS—USER cloning site. (B) Screening setup to assess the functionality of our sgRNA–cas9 tool. Wild-type transformants form large white colonies 
while ade2 transformants form small red/pink colonies. (C) A snippet of a typical transformation plate in an NHEJ-proficient K. phaffii strain 
transformed with the pDIV274 plasmid (encoding sgRNA-2). VL—visible light. (D) Ratios of red/total colonies obtained from two different experiments 
employing plasmids coding for two different sgRNA species, sgRNA-1 and sgRNA-2, which target the ADE2 gene in different positions as indicated in 
panel B. Error bars represent standard deviation based on four biological replicates. 
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ptimization as reported in the first example for K. phaffii
Weninger et al. 2016 ). In addition, v ector featur es (i.e. ARS, bac k-
one, and selection marker) influences cas9 expression and play
 e y roles in editing (Gu et al. 2019 ). Based on the accumulated
no wledge, w e have designed a plasmid-based CRISPR-Cas9 gene-
diting system for K. phaffii (Fig. 1 A and the section “Materials
nd methods”). Specifically, we made a CRISPR vector, based on
DIV019 bac kbone, whic h is able to replicate in a selectable man-
er in K. phaffii as it contains a synthetic autonomously replicat-

ng sequence (h-ARS) and a dominant NatMX marker, which are
oth compatible with different yeast species (Struc k o et al. 2021 ).
or eov er, the v ector is equipped with a cas9 gene-expression cas-

ette composed by the K. phaffii TDH3p (GAP1p) promoter, cas9-NLS
SV40) open reading frame adopted from DiCarlo et al. ( 2013 ), and
 CYC1t terminator from S. cerevisiae , and a USER cloning cassette
UCS) (Nour-Eldin et al. 2006 ) allowing for effortless integration of
xpression constructs (Fig. 1 A) encoding one or more sgRNAs, see
elow. 

Curr entl y, se v er al methods for expression of sgRNA in K. phaf-
i ar e av ailable, but the most common ones r el y on RNA Pol-II-
ased expression cassettes equipped with self-cleaving ribozyme
equences for liberation of the functional sgRNA (Weninger et al.
016 , Liao et al. 2021 ) or Pol-III cassettes flanked with tRNA se-
uences (Dalvie et al. 2020 ). Ho w e v er, assemblies of the reported
gRNA expr ession cassettes ar e r ather complicated; especiall y,
hen more than tw o sgRN As need to be expressed. To allow for

imple sgRNA expression cassette construction, we adopted a sys-
em we originally developed for Debaryomyces hansenii , (Strucko
t al. 2021 ). Specifically, the cassette consists of the Pol-II TEF1p
r omoter fr om K. phaffii , an sgRN A coding sequence flanked b y
eter ologous tRNA–Gl y sequences fr om Aspergillus nidulans , and a
OXt terminator from K. phaffii (see Fig. 1 A and the section “Mate-

ials and methods”). By using USER fusion (Nour-Eldin et al. 2006 ),
imple and complex gRNA expression cassettes can easily be in-
roduced into the CRISPR vector as described in Supplementary
ig. S5 , Nødvig et al. ( 2018 ) and Struc k o et al. ( 2021 ). In the first
est of the experiment, we successfully inserted two, three, or
our copies of an mVenus expression cassette into two, three, and
our different loci in the genome in a multiplex CRISPR reaction
 Supplementary Fig. S5 ). 

To assess the functionality of our design, we constructed two
gRNA–Cas9 expressing CRISPR plasmids sgRNA1-ADE2 (pDIV273)
nd sgRNA2-ADE2 (pDIV274) targeting two different sequences
n the ADE2 gene of K. phaffii (Fig. 1 B and the section “Materi-
ls and methods”). In this experiment, we exploited that muta-
ion of ADE2 can be easily assessed by visual screening as ade2
ells accum ulate r ed pigment (Fig. 1 C), (Roman 1956 ). Mor eov er,
e chose this gene as a target to demonstrate robustness of our
ethod. Specifically, ADE2 disruption in K. phaffii is accompanied

y a significant fitness loss (Du et al. 2012 ) transformants that
sca pe CRISPR m uta genesis will pr e v ail in case CRISPR m uta ge-
esis is inefficient. The two plasmids wer e independentl y tr ans-

ormed into K. phaffii to test whether they were able to induce
gRNA–Cas9-mediated mutations via erroneous NHEJ DNA repair.
s anticipated, red and white transformants were formed in both
ases ( Supplementary Fig. S6 ). The fractions of red to total trans-
ormants (Fig. 1 D) in the two experiments were similar (62%–76%,
 espectiv el y), and wer e compar able with pr e viousl y r eported effi-
iencies (Liao et al. 2021 ). Sanger sequencing of the ade2 locus in
hr ee r andom r ed colonies fr om eac h experiment sho w ed that all
ix mutants contained disruptive indels at the Cas9 cleavage sites
n ADE2 , whic h ar e expected outcomes of erroneous NHEJ DNA
epair (see Supplementary Fig. S7 ). We conclude that our CRISPR

ethod can be used to efficiently generate gene mutations even
n a case where the mutant products grow poorly compared to the
ild-type strain. 

RISPR-Cas9-induced gene targeting using linear
N A fr agments 

omagataella phaffii , like many other nonconventional yeasts and
igher eukaryotes, prefers to insert DNA r eceiv ed by tr ansforma-
ion into the genome via the NHEJ pathway. To increase the gene-
argeting efficiency, it may therefore be an advantage to elimi-
ate the NHEJ pathway; and for K. phaffii , it has been demon-
trated that gene targeting efficiencies are dramatically improved

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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Figure 2. Gene integration strategy using CRISPR-Cas9. (A) Schematic depiction of gene targeting using intergenic chromosomal regions. GTS—gene 
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of typical transformation plate detecting for y ello w fluorescence light emitted by (B) an NHEJ-proficient WT strain, and (C) NHEJ-deficient strains 
emitting y ello w fluorescence light. Dashed cir cles sho w the location of nonfluor escent colonies. Gene-tar geting efficiencies of GTSs with (D) 
Experimental results using GTSs with 1 kb LH sequences and (E) SH sequences targeting into IS1 and IS3. Phenotype —results show the ratio of 
fluorescent colonies versus total colonies observed on transformation plates. Genotype —results show the ratio of the number of colonies with a 
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in strains containing a disrupted KU70 homolog (Näätsaari et al.
2012 , Wang et al. 2023 ). In ad dition, NHEJ inacti vation enables 
efficient use of the TAPE tool to assess whether specific sgRNA 

species are able to facilitate Cas9 cleav a ge at the target sites 
(Vanegas et al. 2017 , Nødvig et al. 2018 ). For these reasons, we 
constructed an NHEJ-deficient ku70 strain (sDIV360) by inacti- 
vating KU70 via single nucleotide deletion (A32 �) resulting in a 
fr ameshift m utation and a stop codon (see the section “Materi- 
als and methods” and Supplementary Fig. S4 ). A subsequent TAPE 
experiment analysing sgRNA1-ADE2 and sgRNA2-ADE2 plasmids 
confirmed that the NHEJ pathway was inactivated and both sgR- 
N As w er e efficientl y guiding Cas9 nuclease to the intended locus 
(see Supplementary Fig. S8 ). 

Next, we examined whether our CRISPR-based method allo w ed 

for efficient gene targeting in KU70 and ku70 cells. As a proof of 
concept, we decided to integrate GTSs expressing y ello w fluores- 
cent protein (mVenus), into two integration sites (ISs) located on 

two different chromosomes of K. phaffii. The ISs were positioned in 

intergenic genetic regions (Fig. 2 A) between transcriptionally ac- 
tive genes (Liang et al. 2012 ) to ensure high expression and at the 
same time minimize accompanying fitness defects. IS1 and IS3 are 
positioned on c hr omosome I and c hr omosome II, r espectiv el y (see 
the section “Materials and methods”). For each IS, we employed 

two GTSs containing either long ∼1 kb (LH) or short 60 bp (SH) 
homology arms to e v aluate the effect of the flanking homology 
sequence length on targeting efficiency. When we compared the 
transformation plates obtained with the two different strain back- 
grounds, we noticed that the fluorescence levels of the individual 
transformants obtained with wild-type strains varied consider- 
ably indicating that wild-type transformants contained variable 
copy numbers of GTSs (see Fig. 2 B and Supplementary Fig. S9 ).
Copy numbers higher than one is likely due to the result of NHEJ 
ediated polymerization of GTSs prior to incor por ation into the
S and/or NHEJ-mediated integration of GTSs into other random 

ites in the genome. In a gr eement with this view, ku70 strains pro-
uced transformants that all produced y ello w fluorescence at the
ame le v el (Fig. 2 C and Supplementary Fig. S9 ). Mor eov er, the le v el
f fluorescence obtained with ku70 transformants matched the 
o w est le v els obtained with KU70 tr ansformants indicating that
he latter contained a single mVenus copy. 

Next, we determined the efficiency of gene targeting in KU70
ells. With the GTSs containing LH arms matching either IS1 or
S3, we found that 90% or 74% of the tr ansformants wer e fluor es-
ent, r espectiv el y. Importantl y, these numbers corr elate with the
umbers of transformants that were correctly targeted by the GTS
s judged by diagnostic PCR reactions indicating that all fluores-
ent colonies contain a GTS in the desired locus. Almost identical
 esults wer e obtained in the targeting experiment employing the
TS containing SH arms (Fig. 2 D and E). Hence, although GTSs in-

egr ate efficientl y into both ISs, the efficienc y w as slightly higher
or the setup tar geting IS1. Mor e importantl y, as the same num-
ers were obtained by using either long or SH arms at both IS1
nd IS3, we find that no adv anta ge was gained by extending the
ength of the homology arm from 60 to 1000 bps. 

With ku70 cells, the gene-targeting efficiency was e v en higher
han with KU70 cells . Hence , the number of fluorescent and cor-
 ectl y tar geted tr ansformants exceeded 95% in all four experi-
ents. 
Similar to wild-type cells, no adv anta ge was ac hie v ed by adding

he longer homology arms. On the other hand, the suboptimal tar-
eting of GTSs into IS3 observed with KU70 was not observed with
u70 cells (Fig. 2 D and E and Supplementary Figs S10 and S11 ), and
or that reason CRISPR mediated gene targeting appears more ro-
ust in the absence of NHEJ. 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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Figure 3. Single-stranded oligonucleotide-based gene editing in K. phaffii . (A) Schematic depiction of site-specific mutagenesis using a short 
single-stranded GTS. DSB—double strand break, HR—homologous recombination. The oligonucleotide PR1292 contains an XbaI recognition site 
designed to introduce an in-frame stop codon. (B) Schematic depiction of specific gene-deletion mutagenesis using a short single-stranded GTS 
(PR1291) for full deletion. U—upstream and D—downstream. (C) Results of ADE2 locus mutation efficiencies using a short oligonucleotide as GTS. The 
bars show the ratio of red colonies with the expected GTS directed mutation versus total number of tested red colonies for the corresponding GTS in 
WT—(NHEJ proficient) and in ku70 (NHEJ deficient) strains. Error bars represent standard deviation based on four biological replicates. (D) Results of 
ADE2 deletion efficiencies using a short oligonucleotide as GTS. The bars show the ratio of red colonies with correctly integrated GTS versus total 
number of tested red colonies for the corresponding GTS in WT—(NHEJ proficient) and in ku70 (NHEJ deficient) strains. Error bars represent standard 
deviation based on four biological replicates. 
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ingle-str anded DN A oligonucleotides are 

fficient GTSs 

n metabolic engineering experiments, it is often necessary to
 e wir e the metabolism of the host by multiple gene deletions
nd/or specific point mutations. In K. phaffii , this is typically
c hie v ed by using linear double stranded GTSs constructed by
CR (Dalvie et al. 2022 ), in steps, whic h ar e time consuming and
ostl y in lar ge scale experiments. In the yeast S. cerevisiae , short
ouble-stranded oligonucleotides have been successfully applied
or gene editing in CRISPR experiments (DiCarlo et al. 2013 ). Con-
 ersel y, single-str anded oligonucleotides hav e been used for gene
diting in filamentous fungi (Nødvig et al. 2018 , Vanegas et al.
019 ) and the nonconventional yeast D. hansenii (Struc k o et al.
021 ). T hus , we in v estigated whether short single-str anded DNA
an be applied as GTS in K. phaffii . In a first pilot test, we investi-
ated whether a single-stranded oligonucleotide based GTS could
e used to delete a gene in a CRISPR experiment. For this pur-
ose we designed a CRISPR vector (pDIV581) expressing an sgRNA
argeting the PEP4 gene (coding for vacuolar aspartyl protease).
ext, we cotransformed this plasmid along with a single-stranded
ligonucleotide based GTS (PR2268) matching equal sizes of se-
uences up- (45 nt) and downstream (45 nt) of PEP4 . With a 90-nt
ligonucleotide, pep4 deletion strains were easily obtained with
 success rate of ∼75% ( Supplementary Fig. S12 ). With shorter
ligonucleotides the efficiency r a pidl y decr eased as GTSs com-
osed by 60 and 40 nt produced deletions with 20% and 0% ef-
ciencies, r espectiv el y. Encour a ged by these results, we tested
hether the method could be used equally well to delete an-
ther gene; and perhaps even be used to introduce a subtle muta-
ion. For this purpose, we designed single-stranded 90-mers (ss-
TSs) that are able to either introduce a stop codon (PR1292)
r completely delete the ADE2 gene (PR1291) (Fig. 3 A and B).
e performed experiments in both WT and ku70 strain back-
r ounds by cotr ansforming specific CRISPR plasmids encoding
as9–sgRNA nucleases that are able to cleave ADE2 at strategic
laces (see Fig. 3 A and B) with the r ele v ant ss-GTSs as repair tem-
late. In all cases, ADE2 was mutated very efficiently as the ra-
io of red to total number of transformants varied from 92% to
5% in (Fig. 3 C and D). We next genotyped r andoml y selected red
olonies ( N = 32) from each experiment to assess whether single-
tranded oligonucleotide-guided genetic modifications were in-
roduced as intended (see the section “Materials and methods”
nd Supplementary Fig. S13 ). When the m uta genic stop-codon
ligonucleotide (PR1292) was used, 97% of analysed red colonies
ontained correct edits in WT bac kgr ound as compar ed to 100%
n ku70 bac kgr ound (Fig. 3 C). When the gene-deletion oligonu-
leotide (PR1291) was applied, 31% and 100% of the red colonies
ontained the expected gene deletion in WT and ku70 str ains, r e-
pectiv el y (Fig. 3 D). These r esults demonstr ate that short single-
tranded oligonucleotides can be efficiently used as GTSs for pre-
ise CRISPR based gene editing in K. phaffii, in particular if the NHEJ
athway is inactivated. 

isual marker system for easy distinction of 
HEJ-deficient/proficient strains 

estoration of the NHEJ pathway in CRISPR-engineered strains
rior to functional c har acterization and data inter pr etation is ad-
isable. To facilitate this routine, we have developed a transient
U70 gene disruption system that allows visual distinction be-
ween NHEJ-deficient and -proficient cells. Specifically, NHEJ was
liminated by inserting the common color-marker gene uidA gene
Jefferson et al. 1987 ) into the ORF of KU70 to disrupt its gene func-
ion. As a r esult, ku70::uidA str ains can ther efor e easil y be identi-
ed on media supplemented with X-Gluc as they turn blue. Once
esir able modification(s) hav e been intr oduced into the ku70::uidA
train, the NHEJ pathway can be easily restored in a CRISPR event

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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Figure 4. Color-based sensor to assess KU70 functionality in K. phaffii . (A) A schematic illustration of how the uidA marker is used as a sensor during 
CRISPR gene editing. Firstly, the KU70 gene is disrupted by the uidA cassette to produce blue NHEJ-deficient ku70::uidA strain colonies. Secondly, the 
ku70::uidA strain is used for (iterative) gene-editing (necessary validation for desired mutations not sho wn). Thir dly, in the last round of gene editing, 
ku70::uidA is r estor ed to WT in a CRISPR e v ent that excises uidA to produce white colonies. Fourthly, strains forming white colonies are streak-purified 
and validated for desired mutations and loss of the CRISPR plasmid. (B) Detailed experimental setup to restore disrupted KU70 gene using a short 
PCR-based GTS. (C) KU70 gene r estor ation efficiency. Phen.—the ratio of white colonies versus total colonies observed on transformation plates; 
Gen.—the ratio of colonies with correctly restored KU70 versus total number of tested white colonies. Error bars represent standard deviation based on 
four biological replicates. (D) Multiplex experimental setup for simultaneous restoration of KU70 and deletion of the PEP4 gene. U—upstream and 
D—downstream sequence of PEP4 . (E) Results of an experiment performed using the scheme presented in panel (D), see text for details. Left of dashed 
line: Phen.—phenotypical analysis of the transformants . T he ratio of white colonies versus total colonies observed on transformation plates is shown. 
Right of dashed line: genotypic analysis of white colonies by diagnostic PCR reactions . T he ratios of analysed transformants containing correctly 
r estor ed KU70 , corr ect PEP4 deletions, and both alter ations ar e shown as indicated. Err or bars r epr esent standard de viation based on thr ee biological 
replicates. 
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by using a Cas9–sgRNA nuclease targeting the uidA cassette and 

a short PCR repair fragment that allows the KU70 gene to be 
r estor ed. Subsequent plating on X-Gluc media r eadil y identifies 
KU70 strains as they turn white (Fig. 4 A). 

We tested the functionality of our system by cotransforming 
the ku70::uidA (sDIV291) strain with sgRNA-uidA (pDIV272) plas- 
mid and a PCR fr a gment harboring the restoring sequence of KU70 
gene (Fig. 4 B). In this experiment, virtually all ( ∼98%) of trans- 
formed cells formed white colonies on X-Gluc media (Fig. 4 C and 

Supplementary Fig. S14 ). The genotyping of 32 r andoml y selected 

white colonies r e v ealed that in 100% of cases the KU70 gene was 
r estor ed to the wild-type sequence (Fig. 4 C and Supplementary 
Fig. S14 ). Based on the latter results, we conclude that our sys- 
tem offers quick and efficient reversion of ku70 to wild-type. Next,
we asked whether our ku70::uidA system can be applied in mul- 
tiplex experiments involving gene editing of a desired locus and 

sim ultaneous r e v ersion of the edited str ain to NHEJ-pr oficient 

state. e  
Exploiting multiplexing, we decided to explore whether it could 

e possible to delete the PEP4 gene and r estor e ku70::uidA lo-
us to wild-type KU70 in a single round of transformation (see
ig. 4 D). We performed this experiment by cotransforming the
HEJ-deficient (sDIV291) strain with a plasmid pDIV602 (express- 

ng tw o sgRN As targeting Cas9 to PEP4 and uidA ) and two re-
air templates, a PCR fr a gment to r estor e KU70 and an ss-GTS

PR2268) to delete the PEP4 gene. Tr ansformants wer e success-
ully obtained, but the number of colonies per transformation 

er e noticeabl y lower as compared to the pr e vious experiments
her e onl y ku70 locus was tar geted ( Supplementary Fig. S14 ).
or eov er, onl y ∼60% of the transformants displayed the white

henotype on X-Gluc plates (Fig. 4 E and Supplementary Fig. S14 ).
ased on this result, we note that the efficiency of a specific gene-
diting e v ent a ppears r educed when it is part of a multiplexing
xperiment as compared to the efficiency obtained in an exper- 
ment where it is introduced as the only modification. Next, to
xamine for the ov er all m ultiplexing efficienc y, w e genotyped 20

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae026#supplementary-data
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 andoml y selected white colonies on X-Gluc media (see the sec-
ion “Materials and methods” and Supplementary Fig. S14 ). This
nalysis sho w ed that ∼92% of the tr ansformants contained a r e-
tored KU70 gene and 80% contained the pep4 genotype (Fig. 4 E).
o w e v er, when we examined the transformants that were KU70

hey were all pep4 showing that cells that are proficient for CRISPR
ene editing are capable of introducing two modifications at high
fficiency. The latter suggests that the colony color itself can
her efor e serv e as an indicator for selection of cells that most
ikely underwent the intended genetic modification(s), in this case
 PEP4 deletion and ku70 r e v ersion. 

oncluding remarks 

n this study, we have developed a CRISPR-Cas9-based method
hat can serve as an improved addition to the currently avail-
ble gene engineering toolbox for K. phaffii . We have demon-
trated that our CRISPR tools can be applied for editing in ei-
her NHEJ-proficient or -deficient strain backgrounds. Addition-
ll y, our r esults str ongl y indicate and support m ultiple pr e vious
tudies showing that NHEJ-deficient strain backgrounds are ben-
ficial for gene-editing experiments . Importantly, we ha ve demon-
trated that short single-stranded oligonucleotides facilitate DNA
SB repair induced by CRISPR nuclease, and thus, can be used to

ntroduce specific gene deletions or mutations with very high ef-
ciency. Successful application of short single-stranded oligonu-
leotides will dr amaticall y r educe the cost and time associated
ith construction of GTSs in large scale experiments. Lastly, we
ddr ess the widel y ignor ed fact that nonfunctional KU70 gene
s associated with unwanted effects that can potentially com-
romise the performance of K. phaffii in physiological c har ac-
erizations as well as when it is applied as a cell factory. T hus ,
e hav e de vised a color-based method that allows for transient

olor mark er-based inacti v ation of KU70 and successfull y demon-
tr ated its a pplication in genetic engineering. Lastl y, we envision
hat our color marker-based system could serve as a highly use-
ul add-on that can be easily implemented into automated strain
onstruction w orkflo ws. 
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