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ABSTRACT: The oleaginous yeast Yarrowia lipolytica is a
valuable microbial host for chemical production because it has
a high capacity to synthesize, modify, and store intracellular
lipids; however, rapid strain development has been hampered
by the limited availability of genome engineering tools. We
address this limitation by adapting the CRISPR−Cas9 system
from Streptococcus pyogenes for markerless gene disruption and
integration in Y. lipolytica. Single gene disruption eﬃciencies of
92% and higher were achieved when single guide RNAs
(sgRNA) were transcribed with synthetic hybrid promoters that combine native RNA polymerase III (Pol III) promoters with
tRNA. The Pol III−tRNA hybrid promoters exploit endogenous tRNA processing to produce mature sgRNA for Cas9 targeting.
The highest eﬃciencies were achieved with a SCR1′−tRNAGly promoter and Y. lipolytica codon-optimized Cas9 expressed from a
UAS1B8−TEF promoter. Cotransformation of the Cas9 and sgRNA expressing plasmid with a homologous recombination
donor plasmid resulted in markerless homologous recombination eﬃciency of over 64%. Homologous recombination was
observed in 100% of transformants when nonhomologous end joining was disrupted. The end result of these studies was the
development of pCRISPRyl, a modular tool for markerless gene disruption and integration in Y. lipolytica.
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sgRNA expression

G

the SNR52 RNA polymerase III (Pol III) promoter has been
used for sgRNA expression. The SNR52 promoter was used
because, unlike many other Pol III promoters, it has native
cleavage sites that result in the excision of sgRNAs from the
primary transcripts.10,15 The maturation of sgRNAs is critical
because Cas9 is able to target 5′-N20-NGG-3′ DNA sequences
(where N indicates any base and NGG is the protospaceradjacent motif (PAM)) when the 5′ end of sgRNA matches the
N20 target. Our initial experiments in Y. lipolytica (PO1f strain)
used a similar strategy to that implemented in S. cerevisiae, with
sgRNA produced from a native SNR52 promoter encoded on a
plasmid expressing Cas9 from S. pyogenes (Figure S1). In our
case, Y. lipolytica codon-optimized Cas9 with a C-terminal SV40
nuclear localization tag was expressed with a UAS1B8−
TEF(136) hybrid promoter.16 With an sgRNA designed to
target PEX10, the SNR52 sgRNA expression system created
indels at the sgRNA target site in 13% of colonies after 2 days
of outgrowth, demonstrating that the expressed Cas9 was active
(Figure S2). Previous reports suggest that intracellular levels of
sgRNA correlate with Cas9 targeting and cleavage in
mammalian cells17 and S. cerevisiae,18 so we set out to design
a series of promoters to increase sgRNA levels and improve
CRISPR−Cas9 disruption rates in Y. lipolytica.

enome engineering of Yarrowia lipolytica has created
strains that convert sugars to lipid that make up >90% of
their dry cell weight.1,2 Other strains have been engineered to
produce high titers of omega-3 fatty acids3 and carotenoids;4,5
none the less, genetic modiﬁcations in Y. lipolytica are
challenging, and the available genome editing tools are limited
to low-eﬃciency homologous recombination (HR) and
sequential integrations by Cre/Lox using a selectable marker.6,7
The widespread adoption of type II CRISPR−Cas9 systems for
genome editing has made less genetically tractable organisms
more accessible. Targeted Cas9 nuclease creates doublestranded breaks at genomic loci deﬁned by a 20 bp region of
single guide RNA (sgRNA).8 Repair of the breaks by
nonhomologous end joining or HR can be used to introduce
insertions and deletions (indels), disrupt gene function, and
integrate larger heterologous DNA sequences. This genome
editing strategy has been implemented in Escherichia coli,9
Saccharomyces cerevisiae,10 and mammalian cells11 and has
enabled similar capabilities in the yeasts Schizosaccharomyces
pombe12 and Kluyveromyces lactis13 as well as bacteria including
Streptomyces.14 Here, we add to the genome engineering tools
available for Y. lipolytica by developing a high-eﬃciency
CRISPR−Cas9 system for markerless gene disruption and
insertion.
Two components are necessary for CRISPR−Cas9 function:
active Cas9 and sgRNA. In S. cerevisiae CRISPR−Cas9 systems,
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Figure 1. Synthetic RNA polymerase III promoters for CRISPR−Cas9-mediated gene disruption in Y. lipolytica. (A) Schematic of RNA polymerase
II and III promoters used in this study. Triangles indicate location of transcript cleavage. Synthetic promoters were generated by placing the RPR1′,
SNR52′, or SCR1′ sequences immediately upstream of the tRNAGly. sgRNA is single guide RNAs, HH is the hammerhead ribozyme, HDV is the
HDV ribozyme, CycT is an RNA polymerase II terminator, and polyT is a string of eight thymines, which serves as an RNA polymerase III
terminator. (B) PEX10 disruption rates after 2 and 4 days of outgrowth in selective liquid media with transformed CRISPR−Cas9 plasmid. Bars
represent the percentage of screened colonies that showed the PEX10 disruption phenotype (mean ± SD; n = 3). Thirty randomly selected colonies
were screened in each replicate.

outgrowth up to 4 days. Importantly, the growth rates of the
̈ PO1f and PEX10-disrupted strains were not statistically
naive
diﬀerent (Table S1), suggesting that high disruption eﬃciency
was not due to PEX10 disruptants outcompeting unedited cells
and that disruption eﬃciency correlates with the frequency of
disruption.
To investigate whether disruption rates of PEX10 correlated
with intracellular sgRNA levels, qPCR was used to quantify
transcription (Figure S7). Corresponding to low CRISPR−
Cas9 eﬃciencies, transcript levels produced from the TEF and
SNR52 promoters were signiﬁcantly lower than those from the
tRNAGly and synthetic promoters (>1000- and 1.9 ± 0.3-fold
lower than tRNAGly). In comparison to tRNAGly, SNR52′−
tRNAGly produced 4.8 ± 0.8-fold more sgRNA, whereas
SCR1′−tRNAGly and RPR1′−tRNAGly produced 2.1 ± 0.2and 2.5 ± 0.5-fold more, respectively. With the exception of
SNR52′−tRNAGly, the trend of increasing CRISPR−Cas9
eﬃciency with increasing sgRNA expression was observed. It
is unknown why the SNR52′−tRNAGly promoter does not
follow the trend of higher sgRNA expression resulting in higher
CRISPR−Cas9 eﬃciency.
To conﬁrm CRISPR function in Y. lipolytica, we targeted two
additional genes, KU70 and MFE1. KU70 disruption has been
shown to increase the frequency of HR,6 whereas MFE1
knockouts lose the ability to metabolize long-chain fatty acids.22
Sequencing randomly selected colonies targeted for KU70
disruption revealed a 100% success rate with SCR1′−tRNAGly
(Figure S8). Loss of KU70 function was conﬁrmed by
measuring the rate of HR of a transformed linear DNA
fragment with 1 kb homologous to PEX10 upstream and
downstream of a functional URA3 cassette. Only 16% HR
occurred in PO1f Y. lipolytica (7/45, Oleic−/Ura+), whereas
KU70 disruption increased the rate to 86% (30/35, Oleic−/
Ura+; Figure S9). When SCR1′−tRNAGly was used to target the
MFE1 gene, a disruption rate of 90 ± 7% (29/30, 24/27, 25/
30) after 2 days of outgrowth was found by screening with oleic
acid agar plates (Figure S10).
The ability to quickly integrate heterologous DNA into the Y.
lipolytica genome without the use of (or need for recovery of) a
selectable marker can facilitate rapid strain development. To
demonstrate CRISPR-induced HR in Y. lipolytica, we attempted

Figure 1A shows the native and synthetic promoters tested
for sgRNA expression and CRISPR−Cas9 activity. The series of
promoters includes an RNA polymerase II (Pol II) TEF
promoter with hammerhead and HDV ribozymes 5′ and 3′ of
the sgRNA,19 SNR52, a glycine tRNA (tRNAGly), and fusions
of the Pol III promoters RPR1, SCR1, and SNR52 with
tRNAGly (Figure S3 and S4). In the synthetic promoters, RPR1,
SCR1, and SNR52 were truncated 16−25 bp downstream of
the putative Pol III binding site and placed immediately
upstream of tRNAGly to produce the hybrid Pol III promoters
RPR1′−tRNAGly, SCR1′−tRNAGly, and SNR52′−tRNAGly. Y.
lipolytica natively uses the selected tRNAGly to transcribe 5S
rRNA20 and tRNA maturation machinery can excise the sgRNA
from the primary transcript.21 The SCR1 and RPR1 promoters
were not used independently of tRNAGly because their Pol III
binding sites are internal to the mature transcript, thereby
preventing arbitrary design of the N20 target sequence.
PEX10 disruption prevents peroxisome biogenesis, resulting
in the inability to use long-chain fatty acids as an energy
source.1 This phenotype allowed for an agar plate-based screen
to be used for CRISPR−Cas9 activity, as successful PEX10
disruptions produced colonies that grew on glucose synthetic
media but not on media lacking glucose and supplemented with
oleic acid (Figure S5). The synthetic SCR1′−tRNA Gly
promoter resulted in the highest disruption eﬃciency,
disrupting 54 ± 11% (PEX10 disrupted phenotype/number
of colonies screened: 15/30, 14/30, 20/30) of screened
colonies after 2 days of outgrowth and 92 ± 5% (29/30, 28/
30, 26/30) after 4 days (Figure 1B). No disruptions were
observed at 2 and 4 days when the six bases adjacent to the
PAM sequence of the PEX10 target sequence were scrambled
(Figure S6). The SNR52′−tRNAGly promoter also produced
high-eﬃciency PEX10 disruption, reaching 83 ± 6% (24/30,
27/30, 24/30) after 4 days. The eﬃciency of RPR1′−tRNAGly
was limited to 54 ± 7% (18/30, 17/30, 14/30), whereas
tRNAGly and SNR52 alone reached 30 ± 3% (9/30, 8/30, 10/
30) and 26 ± 4% (7/30, 7/30, 9/30), respectively. The Pol II
TEF promoter with ribozymes ﬂanking the sgRNA yielded the
lowest eﬃciency at only 8 ± 2% (2/30, 3/30, 2/30) after 4 days
of outgrowth. In all cases, outgrowth was required to observe
PEX10 disruption, and the eﬃciency increased with longer
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was isolated, and the MFE1 target site was ampliﬁed by PCR
(Figure 2C). The PCR screen revealed that 73 ± 12% (6/7, 5/
8, 5/7) of the PO1f MFE1 disruptants had HPH inserted via
HR, whereas 100% (6/6, 6/6, 7/7) of the PO1f ku70 MFE1
disruptants had HR-mediated insertion of HPH (Figure 2D).
The overall eﬃciency of MFE1 disruption by HR was 64 ± 11%
̈ PO1f strain and 100% in the PO1f ku70 strain.
in the naive
Combined, the high eﬃciencies of CRISPR-mediated PEX10,
MFE1, and KU70 disruptions and integrations with sgRNA
transcribed from the synthetic Pol III promoters demonstrate a
new genome engineering tool for Y. lipolytica. The three
synthetic promoters (RPR1′−tRNAGly, SCR1′−tRNAGly, and
SNR52′−tRNAGly) exhibited signiﬁcantly higher PEX10
disruption rates than those of the tested native Pol II and Pol
III promoters. While the native Y. lipolytica promoters (TEF,
tRNAGly, and SNR52) enabled CRISPR−Cas9 function, the
high eﬃciency observed with SCR1′−tRNAGly and the other
synthetic promoters will be essential for future work
incorporating multigene disruption and gene regulation via
deactivated Cas9. This system, and the design of the tRNAbased synthetic promoters, allows for facile gene disruption and
integration of heterologous expression cassettes in Y. lipolytica
and provides a new strategy for improving CRISPR−Cas9
eﬃciency. The SCR1′−tRNAGly synthetic hybrid promoter and
the UAS1B8−TEF(136) expressed Cas9 have been combined
into a modular plasmid, pCRISPRyl (CRISPR−Cas9 in Y.
lipolytica), as a new genome editing tool for Y. lipolytica.

MFE1 disruption in the presence of a HR template. The MFE1
targeting CRISPR plasmid was cotransformed with a second
plasmid containing 1 kb homology to MFE1 ﬂanking a
hygromycin resistance expression cassette (HPH) (HRplasmid) (Figure 2A). Cotransformants of the PO1f and
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Figure 2. CRISPR−Cas9 induced homologous recombination in Y.
lipolytica. (A) Schematic of homologous recombination for insertion of
the hygromycin resistance cassette (HPH) into MFE1 at a CRISPR−
Cas9 cleavage site. (B) MFE1 disruption eﬃciency after transformation of PO1f and 2 days of outgrowth. HR is a replicating
plasmid with an HPH cassette ﬂanked by 1 kb homology, pCRISPRyl
is the CRISPR−Cas9 plasmid targeting MFE1, and ku70 indicates that
the transformed PO1f strain has KU70 disrupted. Bars represent the
percentage of screened colonies that showed the MFE1 disruption
phenotype (mean ± SD; n = 3). Thirty randomly selected colonies
were screened in each replicate. (C) Agarose gel of PCR products
using isolated genomic DNA as template after cotransformation of HR
and pCRISPRyl. Lane 1 is Y. lipolytica PO1f, lane 2 is PO1f with MFE1
disrupted via indel formation, lane 3 is PO1f with HPH integrated via
homologous recombination, and lane 4 is the KU70 deﬁcient PO1f
strain with HPH integrated via homologous recombination. (D)
Homologous recombination-mediated disruption of MFE1. Bars
represent the percentage of MFE1-disrupted colonies that showed
insertion of HPH (mean ± SD; n = 3). Five to eight randomly selected
MFE1-disrupted colonies were screened in each replicate.
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PO1f ku70 strains were plated after 2 days of outgrowth and
screened for growth on oleic acid agar media. Successful MFE1
disruptants were subsequently screened by PCR to test for
targeted insertion of HPH. In the PO1f strain, there was no
signiﬁcant diﬀerence in disruption rates in the presence and
absence of the HR-plasmid (% MFE1 disruption: 90 ± 7% (29/
30, 24/27, 25/30) without HR-plasmid and 88 ± 7% (28/30,
24/30, 27/30) with HR-plasmid; Figure 2B). When the HRplasmid and CRISPR plasmid were cotransformed into the
PO1f ku70 strain, the disruption rate increased to 100% (30/
30, 30/30, 30/30). A HR-plasmid-only control produced no
disruptants. Genomic DNA from randomly selected disruptants
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