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ABSTRACT: Yarrowia lipolytica is an industrial host with a high
fatty acid flux. Even though CRISPR-based tools have accelerated
its metabolic engineering, there remains a need to develop tools for
rapid multiplexed strain engineering to accelerate the design−
build−test−learn cycle. Base editors have the potential to perform
high-efficiency multiplexed gene editing because they do not
depend upon double-stranded DNA breaks. Here, we identified
that base editors are less toxic than CRISPR-Cas9 for multiplexed
gene editing. We increased the editing efficiency by removing the
extra nucleotides between tRNA and gRNA and increasing the base
editor and gRNA copy number in a Ku70 deficient strain. We
achieved five multiplexed gene editing in the ΔKu70 strain at 42%
efficiency. Initially, we were unsuccessful at performing multiplexed
base editing in NHEJ competent strain; however, we increased the editing efficiency by using a co-selection approach to enrich base
editing events. Base editor-mediated canavanine gene (CAN1) knockout provided resistance to the import of canavanine, which
enriched the base editing in other unrelated genetic loci. We performed multiplexed editing of up to three genes at 40% efficiency in
the Po1f strain through the CAN1 co-selection approach. Finally, we demonstrated the application of multiplexed cytosine base
editor for rapid multigene knockout to increase naringenin production by 2-fold from glucose or glycerol as a carbon source.
KEYWORDS: CRISPR-Cas9, nonconventional yeast, metabolic engineering, multiplexed gene editing, cytosine base editor, Golden Gate

1. INTRODUCTION
Yarrowia lipolytica is an oleaginous industrial host used to
produce lipid-based products due to its high fatty acid flux and
the ability to use alternative substrates such as crude glycerol,1

xylose,2 and urine.3 It has been engineered to produce 99 g/L
lipids and up to 90% dry cell weight.4 Specific fatty acids and
fatty acid-derived products (e.g., omega-3 fatty acids5 and fatty
alcohols6,7) have been engineered. The intrinsic properties of
oleaginous yeast have also been leveraged for the production of
small molecules such as flavonoids8,9 and carotenoids10,11 that
draw their precursors from the same high flux intermediates.
Much of the recent advances in processes using Y. lipolytica are
enabled by rapid progress creating genetic tools, such as
tunable promoters,12,13 inducible promoters,14−16 Golden Gate
assembly kits,17−20 and a variety of CRISPR-Cas9 sys-
tems.21−23

Even though CRISPR-based tools have accelerated meta-
bolic engineering in Y. lipolytica, genome engineering has
proven difficult compared to Saccharomyces cerevisiae due to
the activity of nonhomologous end joining (NHEJ) in Y.
lipolytica compared to homology-directed repair (HDR).
Single gene deletion was previously done in Y. lipolytica with
CRISPR-Cas9 or Cpf1 using sgRNAs controlled by Pol III
promoters.21−25 However, metabolic engineering requires

multiple perturbations to increase the production of a target
molecule. Previously, Cpf1-based multiplexed gene editing was
done in Y. lipolytica Po1f strain using AsCpf126 and LbCpf1.27

The multiplexed editing efficiency was 41.7% for AsCpf1 and
44% for LbCpf1 for the three-gene targets. However,
multiplexed editing was not accomplished in the Ku70
deficient strain. Knocking out the Ku70 gene biases the cell’s
DNA repair machinery to induce HDR, making it easier to
integrate heterologous DNA. Po1f strain is the wild-type strain
without any bias toward HDR repair and performs NHEJ to
repair DNA breaks. It is important to develop tools for both
strains to accelerate strain engineering. Multiplexed editing was
limited to three edits due to the potential toxicity from double-
stranded DNA breaks, as both Cpf1s rely on double-stranded
DNA breaks. An alternative platform must be considered to
accelerate multiplexed gene editing in Y. lipolytica. When
CRISPR-Cas9 was used to knock out multiple genes in the
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POX family, chromosomal rearrangements were caused, thus
showing the limitation of CRISPR-Cas9-based DSB for
multiplexed knockouts.28

Cytosine base editors are an alternative to CRISPR-Cas9 for
gene editing without creating double-stranded DNA breaks,
thus alleviating potential toxicity and chromosomal rearrange-
ments. Cytosine base editors deaminate cytosine to uracil,
which is further converted to thymine due to the base excision
repair pathway. Previously, a cytosine base editor was
developed in Y. lipolytica to perform multiplexed base editing
up to two targets.29 Nicking the complementary strand using
nCas9(D10A) resulted in a higher editing efficiency than
binding using dead Cas9(D10A H840A). Multiplexed knock-
out efficiency was 31% for PEX10 and TRP1. However, the
base editing was observed only for strain carrying the NHEJ-
deficient Ku70 knockout and not for the wild-type Po1f strain.
50% of the right clones had indels in the Po1f strain.
Here, we increased the base editing efficiency by removing

extra nucleotides between tRNA and gRNA, similar to the data
observed for CRISPR-Cas9-based knockouts.30 We increased
the multiplexed base editing efficiency to 83% for three-gene
targets using the optimized gRNA design. We extended it to 5-
gene editing with an efficiency of 16%. We increased
multiplexed base editing efficiency to 42% on 5-gene targets
in the ΔKu70 strain by increasing the copy number of gRNA
and Base editor. We addressed the poor editing efficiency in
the Po1f strain by using a CAN1-based co-selection approach.

We performed multiplexed base editing up to three targets
with 40% editing efficiency in Po1f strain using the CAN1-
based co-selection system, which is on par with the current
multiplexed editing ability of Cpf1. Finally, to demonstrate the
application of multiplexed base editing, we increased the
production of the natural product naringenin with different
carbon sources by performing multiplexed knockouts to
increase malonyl-CoA and tyrosine flux. We split the
naringenin metabolic pathway into tyrosine and the malonyl-
CoA module and probed each module by performing
multiplexed knockouts. We observed a 2-fold increase in
naringenin production with base editor-based knockouts
compared to the wild-type strain with glycerol and glucose
as the carbon source, thus demonstrating the application of
cytosine base editor to accelerate strain development for
metabolic engineering applications. We also identified that
naringenin synthesis can be increased by knocking out genes in
the glyoxylate cycle to increase the acetyl-CoA flux or by
knocking out genes in the aromatic amino acid biosynthesis
metabolic pathway to increase the tyrosine flux.

2. RESULTS AND DISCUSSION
2.1. Golden Gate System for Efficient Multiplexed

Assembly of gRNA Cassettes. Multiple gRNAs are needed
for targeting multiple genes to perform multiplexed editing.
Multiple gRNAs could be expressed by using plasmids
containing multiple selection markers. However, this requires

Figure 1. One-step Golden Gate-based assembly for multiplexed monocistronic gRNAs without pre-cloning. Multiplexed monocistronic gRNA
plasmid is constructed by Golden Gate assembly of PCR fragments containing a gRNA array and replacing lacZ reporter with gRNA cassettes. N
denotes the number of gRNAs that can be assembled using the Golden Gate design.

Figure 2. Nickase base editor results in higher transformation efficiency than Cas9. (A) Transformation efficiency in ΔKu70 strain. (B)
Transformation efficiency in Po1f strain. Data is based on colony counts from two independent transformations obtained by transforming equal
amounts of DNA. The colony count was baselined to the control DNA. The control was an expression of the base editor or Cas9 without any
gRNA target. Statistical significance was evaluated using the Student’s two-tailed t test. Error bars represent the standard error calculated between
two biological replicates. Singe asterisk indicates a p-value of 0.06−0.10, double asterisk indicates a p-value < 0.05, and ns indicates p-value > 0.10.
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the extended curing of plasmids. Gibson assembly could be
used to assemble various gRNAs. For example, Gibson
assembly was used to assemble various gRNAs for multiplexed
gene editing using dCas9-based CRISPRa,33 CRISPRi,34 and
Cpf1.27 However, repeats and multiple clonings make it
inconsistent, laborious, and difficult to scale. A custom Golden
Gate system was designed with the type IIs enzyme, BsmBI, to
assemble multiple gRNAs without pre-cloning (Figure 1).
LacZ was used as a reporter to monitor the cloning efficiency.
This Golden Gate system was tested to assemble up to five
gRNA cassettes at >30% assembly efficiency and three targets
at >70% assembly efficiency (data not shown). The system
could also be used for multiplexed assembly for any CRISPR-
Cas9-based system, including the recently developed dCas9-
based CRISPRa33 and CRISPRi.34

2.2. Toxicity of Double-Stranded Breaks Limits
Multiplexed Gene Editing. We compared the toxicity of
Cas9-based dsDNA breaks with nCas9(D10A) based cytosine
base editors using gRNAs that targeted nonessential genes
MGA1, ADE2, and MET25 in double and triple multiplexed
editing (Figure 2). MGA1, ADE2, and MET25 are
nonessential genes in Y. lipolytica.23,25,35 MGA1 deletion
suppresses pseudo hyphal growth in Y. lipolytica,27 ADE2
knockout was previously used to evaluate the HR efficiency in
Y. lipolytica,36 and MET25 knockout was previously used to
test the MET25 locus as a genetic marker.37 We used a
nontargeting gRNA as a control and transformed equal
amounts of DNA, then counted the number of colonies on
the transformation plate to determine relative toxicity. The
base editor resulted in higher transformation efficiency in two-
and three-gene edits than Cas9 in both the ΔKu70 strain and
Po1f strain (Figure 2). The low CFU count in ΔKu70 strain
for multiple gene disruptions in the Cas9 plasmid was likely
due to the need to repair several double-stranded breaks, this
strain’s inability to perform NHEJ, and the lack of template for
repair by HDR.31 Since the nickase base editor relies on single-
stranded nicks instead of double-stranded breaks, base editors
were less toxic to the cell. When we evaluated the toxicity using
the Po1f strain, the nickase base editors were still less toxic
than the Cas9-based dsDNA breaks; however, the Cas9-based
dsDNA breaks were less harmful to the Po1f strain than to the
ΔKu70 strain because the Po1f strain preferentially performs
NHEJ rather than HDR.
2.3. Single Base Edits Are gRNA Expression-Limited

but Can Be Highly Efficient in Y. lipolytica. Using
established gRNA design methods,21,22 we tested base editing
on three targets using MGA1, ADE2, and MET25 gRNA. The
editing efficiency was 33.3% for MGA1 gRNA1, 26.66% for
MGA1 gRNA 2, 38% for ADE2 gRNA, and 50% for MET25
gRNA (Figure 1). This design includes 9bp21 or 10bp22

nucleotides between tRNA and gRNA. The first seven
nucleotides post-tRNA are the chromosomal DNA sequences
post-tRNA in the 5s rRNA region. The next two or three
nucleotides were added to insert an AvrII21 or NsiI22

restriction digest site for easy gRNA cloning; however,
previous research has shown that removing intergenic
nucleotides between tRNA and gRNA increased the editing
efficiency in Cas9-based knockout and integration.30 We
applied this finding to the current cytosine base editor and
tested the editing efficiency on the same targets using these
modified intergenic regions. The base editing efficiency
increased to 96% for MGA1 gRNA 1, 100% for MGA1
gRNA 2, 75% for ADE2 gRNA, and 100% for MET25 gRNA

(Figure 3). Further testing of single base edits, including
CAN1 and TRP1, edited each with 100% efficiency (Figure

S1). Previous work has hypothesized that the increase in
editing efficiency was due to the absence of secondary
structure perturbations of gRNA.30

2.4. Base Editing Can Be Efficiently Multiplexed with
Two- and Three-gRNA Design. After improving the editing
efficiency and demonstrating highly efficient single-target base
editing, we expanded the range to two- and three-gene targets
using MGA1, ADE2, and MET25 combinations. We
assembled gRNAs targeting the corresponding genes in a
monocistronic design, including promoter, tRNA, and
terminator for each gRNA. We used the best-performing
gRNAs based on the optimized gRNA design listed in Figure 3.
The editing efficiency was 100% for MGA1-ADE2, 83% for
MGA1-MET25, and 83% for MGA1-ADE2-MET25 (Figure
4). These multiplexed editing efficiencies are much greater
than other multiplex editing efficiencies in Y. lipolytica, which
were in the 40% range for 3 targets.26,27

We tested multiplexed base editing with polycistronic tRNA-
based base editing to simplify the DNA assembly process. This
construct had one RNA Pol III promoter driving two gRNAs
flanked by tRNAgly. We labeled the native sequences before
tRNAgly as the leader sequence and added the leader sequence
to the polycistronic base editing. We tested the polycistronic
base editing using gRNAs targeting MGA1 and ADE2 with
different leader designs. We found that the editing efficiency
depended on the leader sequence for the tRNA-based base
editing. The editing efficiency increased for two-gene targets as
the leader sequence was changed from no leader to a 17nt
leader sequence. The editing efficiency for 6nt and 17nt leader
sequences was comparable to that for monocistronic two-gene
targets (Figure S2). We hypothesize that the increase in editing
efficiency caused by the leader sequence change is due to
RNase P’s increase in cleavage efficiency.38 However, the
editing efficiency decreased to 8.3% for three-gene targets with
a 17nt leader sequence, suggesting inefficient processing of
polycistronic transcripts (Figure S3).

Figure 3. Deleting intergenic nucleotides between tRNA and gRNA
increases base editing efficiency in the ΔKu70 strain. The data is
based on the average of at least 12 colonies generated from Sanger
sequencing. The number of base edited clones from the total clones is
displayed at the top of the bar chart. Original intergenic sequence
designs are shown in blue and the intergenic region removed is shown
in orange. The truncated nucleotides are shown in Figure S2. The
clonal variation for the intergenic and nonintergenic design is shown
in Table S2.
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2.5. Efficient Multiplexing of 5-Gene Base Edits Is
Enabled by Increasing Base Editor and gRNA Ex-
pression Level. We expanded multiplexed base editing to
up to five genes simultaneously, choosing MGA1, ADE2,
MET25, CAN1, and TRP1. Initially, multiplexed editing of
three and four genes was 60 and 25% for MGA1-CAN1-TRP1
and MGA1-MET25-CAN1-TRP1, respectively (Figure 5 A).
The single gRNA editing for MGA1, ADE2, MET25, CAN1,
and TRP1 was 96, 75, 100, 100, and 100% respectively (Figure
3). The overall five-gene editing efficiency was 16.3% for these
targets (Figure 5A). Since individual base editing efficiency
exceeded the efficiency of multiplexed base editing efficiency at
the same sites, we hypothesized that increasing the base
editor’s and gRNAs’ expression levels would improve multi-
plexed base editing efficiency. We inserted two copies of the
base editor (PmCDA1-nCas9-UGI) and of a five-gene gRNA
cassette into the genomes, which increased the multiplexed
efficiency to 42% for the five genes. The three-gene and four-
gene multiplexed editing was 100 and 83% for MGA1-CAN1-

TRP1 and MGA1-MET25-CAN1-TRP1, respectively, with
two copies of base editor and gRNA (Figure 5).
2.6. CAN1 Co-Selection Enables Efficient Multiplexed

Base Editing in Po1f Strain. In previous studies, the base
editor was effective in the ΔKu70 strain but not the commonly
used WT Po1f strain.29 In our hands, we also did not observe
any base editing with the original gRNA design and only
achieved 8.3% base editing efficiency on two-gene targets in
the Po1f strain after using the optimized gRNA design (Figure
S5). Working with the ΔKu70 strain can be problematic due to
growth defect arising from weakened DNA damage response
and lowered metabolic performance.39 Therefore, we wanted
to increase the base editing efficiency in the Po1f strain. We
used a co-selection approach, where the selection-based
enriched editing at one locus simultaneously increases the
editing in unrelated genetic loci. Co-selection has been used
previously to increase editing efficiency by editing the target
locus and receptor for diphtheria toxin (DT), where base
edited cells gain resistance to DT toxin,40 and in CRISPR

Figure 4. High-efficiency multiplexed editing can be performed up to three targets with the optimized gRNA design in the ΔKu70 strain. The data
is based on an average of at least 12 colonies generated from Sanger sequencing. The number of base edited clones out of total clones is displayed
at the top of the bar chart. (A) Editing efficiency of individual gRNAs and overall multiplexed editing efficiency in MGA1-ADE2 multiplexed base
editing. (B) Editing efficiency of individual gRNAs and overall multiplexed editing efficiency in MGA1-MET25 multiplexed base editing. (C)
Editing efficiency of individual gRNAs and overall multiplexed editing efficiency in MGA1-ADE2-MET25 multiplexed base editing. The clonal
variation for the two- and three-gene multiplexed base editing is shown in Table S3.

Figure 5. Increasing the copy number increases 5-gene multiplexed base editing efficiency in the ΔKu70 strain. The data is based on Sanger
sequencing from at least 12 colonies. The number of base edited clones from the total clones is displayed at the top of the bar chart. The editing
efficiency on 5-gene targets MGA1-ADE2-MET25-CAN1-TRP1 with one copy of base editor and gRNA is shown in blue, and the editing efficiency
on 5-gene targets MGA1-ADE2-MET25-CAN1-TRP1 with two copies of the base editor and gRNA is shown in orange. The clonal variation for
the 5-gene base editing is shown in Table S4.
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pooled screens for probing fitness effects in S. cerevisiae.41 We
used the CAN1 knockout for co-selection because it produced
gene edits with 100% efficiency when selected with canavanine
in both Po1f and ΔKu70 strains (Figure S6). Canavanine is a
toxic molecule that causes cell death when it enters the cell by
the CAN1 importer; thus, CAN1 knockouts confer canavanine
resistance.
We tested the base editor’s activity in Po1f with both

nCas9(D10A) and dCas9(D10A H840A) (Supporting Figure
5). We individually targeted MGA1, ADE2, and MET25 with
unoptimized gRNAs and paired them with CAN1 gRNA, and
we achieved 100% base editing efficiency (Figure S7). We used
gRNAs targeting MGA1, ADE2, MET25, and CAN1 to test
the co-selection approach in multiplexed base editing in the
Po1f strain. The multiplexed editing efficiency was 40% on
MGA1-ADE2-MET25-CAN1, similar to the current lbCpf1
and AsCpf1 systems that multiplex three targets (Figure 6).

The editing efficiency was 100% on two-gene targets, MGA1-
ADE2 in three-gene editing (Figure 6). The increase in editing
efficiency with CAN1 co-selection suggests that editing in two
different loci is not independent and that a cell could be more
or less apt to be edited at a given moment in time.
2.7. Rapid Strain Engineering with Multiplexed

Knockouts to Increase Naringenin Production. To
demonstrate the application of multiplexed cytosine base
editing, we used the base editor to increase the production of
the natural product naringenin through multiplex gene
knockouts. We chose to knock out genes in the native tyrosine
and malonyl-CoA biosynthetic pathways to increase naringenin
production (Figure 7). Previous work has improved the
naringenin production by overexpressing native genes and
using glucose or xylose as the carbon source.8,9,42 Our work
demonstrates for the first time that knockouts in the malonyl-
CoA pathway also increase naringenin production.
Several knockouts in both the tyrosine and malonyl-CoA

pathways were designed based on inference from the literature.
Double knockouts of DGA1 and DGA2 increased β-farnesene

production by 56% as the lipid content was reduced to 8.72%
from 26%.43 The addition of fatty acid inhibitor cerulenin
increased naringenin production by 31.2% in engineered
strains,8 pointing to the significance of fatty acid down-
regulation to increase malonyl-CoA-based molecules. GPD1
overexpression was combined with DGA1 overexpression to
increase lipid production by 12% compared to overexpressing
DGA1.44 MLS1 and CIT2 are part of the glyoxylate cycle in
the peroxisome and deletion of either increased crocetin
production by 50% in S. cerevisiae.45 In another study, the
deletion of CIT2 or MLS1 increased α-santalene production
by 36 and 127%, respectively, in S. cerevisiae.46

We used glycerol and glucose as two carbon sources to
evaluate the impact of base editor-based knockouts. When
glucose was used as a carbon source, double deletion of MLS
and CIT2 resulted in a 2-fold increase in naringenin
production compared to that of the wild type (Figure 8).
However, the quadruple deletion of DGA1, DGA2, MLS1, and
CIT2 showed no increase in naringenin production compared
with the double deletion of MLS and CIT2 (Figure 8). This
suggests acetyl-CoA accumulation is a bottleneck for
naringenin synthesis, not malonyl-CoA’s diversion. All of the
combinations of multiple deletions involving CIT2 deletion
showed an increase in naringenin production compared to the
wild type. Quadruple deletion of GPD1, DGA1, DGA2, and
CIT2 resulted in a 1.5-fold production increase compared to
the wild type. Triple deletions of DGA1, DGA2, and CIT2 and
triple deletions of GPD1, DGA1, and CIT2 resulted in 1.63-
fold and 1.73-fold increases compared to the wild type. Double
deletion of GPD1 and DGA1 showed no increase compared to
that of the wild type (Figure 8). The individual knockouts of
DGA1, DGA2, MLS, and CIT2 resulted in no increase
compared to the wild type when tested in a culture tube
(Figure S10).
When glycerol was used as a carbon source, quadruple

deletion of GPD1, DGA1, DGA2, and CIT2 showed a 1.87-
fold increase compared with the wild type (Figure 8). All
multiple deletions with GPD1 knockout showed an increase in
naringenin production compared to the wild type. Double
deletion of GPD1 and DGA1, and triple deletion of GPD1,
DGA1, and CIT2 showed 1.60- and 1.77-fold increases in
naringenin synthesis compared to the wild type. Quadruple
deletion of DGA1, DGA2, MLS, and CIT2, and double
deletion of MLS and CIT2 showed 1.16- and 1.33-fold changes
compared to the wild type, respectively. Triple deletion of
DGA1, DGA2, and CIT2 showed no increase in naringenin
production compared to that of the wild type (Figure 8).
When multiplexed knockouts were accomplished in the

tyrosine module, triple deletion of TRP2, PDT1, and ARO10
showed a 2-fold increase in naringenin production with both
glucose and glycerol as the carbon source (Figure 8). The
individual knockouts of TRP2, PDT1, and ARO10 showed no
increase in naringenin production compared to the wild type
when tested in a culture tube (Figure S9).
This is the first report of multiplexed knockouts to increase

the number of malonyl-CoA-based molecules in Y. lipolytica.
We identified MLS1, CIT2, and GPD1 knockouts as important
targets for increasing naringenin synthesis with either glucose
or glycerol carbon sources. These targets can also be used for
other malonyl-CoA-derived small molecules. Overexpression of
feedback inhibition-resistant alleles ARO4K221L and ACC1 in
the multigene knockouts would further increase naringenin

Figure 6. CAN1 co-selection increases multiplexed editing efficiency
in Po1f strain. The data are based on an average of 10 colonies
generated from Sanger sequencing. The number of base edited clones
from the total clones is provided at the top of the bar chart.
Multiplexed base editing efficiency on MGA1-ADE2-MET25-CAN1
paired with CAN1 co-selection in Po1f strain. The editing efficiency
on MGA1-MET25 without co-selection is shown in Figure S5. The
clonal variation for the CAN1 co-selection is shown in Table S5.
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production. The high naringenin-producing strain could be
used to produce complex flavonoids further.
Multiplexed editing has been previously done in S. cerevisiae

up to 8 gene deletions at once.47 However, in nonconventional
yeasts, our work is the largest number of multiplex gene edits
reported to date. When multiplexed gene deletion was
accomplished in S. cerevisiae by replacing it with a donor on
a Cas9 integrated strain, the expression of gRNA was the
bottleneck.48 Previous work has also identified that gRNA
expression was a bottleneck for the CRISPR-based system in Y.
lipolytica.21 However, another study indicated that both the
Cas9 and gRNA expression became bottlenecks for multi-
plexed gene integration, likely due to the titration of Cas9 by
several gRNA.49 We observed that the expression of gRNA was

the bottleneck for single base edits but that the base editor and
gRNA were bottlenecks for 5-gene multiplexed base editing.
Base editing has been difficult in NHEJ-dominant cells. We

hypothesize that base editors have not been efficient in NHEJ-
dominant cells because a minimal repair is needed as the
nicking is being performed, and cytosine is being converted to
uracil. Since CAN1 selection only selects cells carrying the
canavanine knockouts, the base edited events are enriched in
the CAN1 selection experiment. Highly successful co-selection
gene editing means that successful base editing events in the
same cell are not independent of each other. The mechanism
behind how increased editing at one locus increases the editing
at another unrelated locus is yet unknown; however, we
hypothesize that co-selection does not increase the number of
edited events but only makes the unedited events invisible,
thus enriching the number of edited events. It is likely that co-
selection can also be used in other CRISPR-based gene editing,
such as integration and prime editing.
We targeted the two modules feeding naringenin biosyn-

thesis to demonstrate the use of multiplex gene editing for
metabolic engineering. The GPD1, DGA1, DGA2, CIT2,
MLS1, and TSC13 were targeted for increasing naringenin
synthesis in the malonyl-CoA module (Figure 7). We
hypothesized GPD1, CIT2, and MLS knockouts would
increase malonyl-CoA accumulation by increasing acetyl-CoA
availability, whereas DGA1 and DGA2 are targeted to divert
the malonyl-CoA flux toward naringenin production from
lipids. We observed that the knockouts of DGA1 and DGA2
did not increase naringenin production, contradicting the
previous work on β-farnesene production.43 We hypothesize
that it is because the knockouts were performed on a strain
engineered to possess a high acetyl-CoA flux. We also observed
that knockouts of MLS1 and CIT2 increased naringenin
production, as hypothesized based on prior work to produce
crocetin in S. cerevisiae.45 No previous work informed our
choice of GPD1 knockout; however, we observed that GPD1
knockout increased naringenin production only when glycerol
was used as a carbon source. Tsc13 was targeted to prevent the

Figure 7. Metabolic pathway for naringenin biosynthesis. Genes targeted for knocking out genes in the malonyl-CoA and tyrosine pathway module
to increase the production of natural product naringenin via the tyrosine biosynthetic module and the malonyl-CoA biosynthetic module. Red
denotes the knockouts, and purple indicates important precursors.

Figure 8. Cytosine base editor for rapid strain engineering with
multiplexed knockouts to increase naringenin synthesis with glucose
or glycerol as the carbon source. The data are based on an average of
three biological replicates. Statistical significance was performed using
the Student’s two-tailed t test. Single asterisk indicates a p-value of
0.06−0.10, and double asterisk indicates a p-value < 0.05. The error
bar denotes the standard error calculated between three biological
replicates.
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reported promiscuous activity of Tsc13 on chalcone synthase
in S. cerevisiae.50−53 Even though the base editing efficiency
was high, we could not obtain the stop codon mutations in
Tsc13 with the base editor (Figure S8). Tsc13 gene encodes
for very-long-chain enoyl-CoA reductase, catalyzing the final
step in each cycle of long-chain fatty acid elongation This
pointed to a previously unreported essentiality of the Tsc13
gene in Y. lipolytica, similar to S. cerevisiae.54,55

We also targeted PDT, TRP2, and ARO10 to increase the
tyrosine flux (Figure 7). They were hypothesized to increase
the accumulation of tyrosine, a key precursor to naringenin.
Previously, double deletion of PDT and ARO10 showed a 3-
fold increase in naringenin synthesis in S. cerevisiae while
decreasing the accumulation of 2-phenyl ethanol.56 TRP2 was
hypothesized to decrease the tryptophan accumulation,
thereby increasing the tyrosine flux. Our observed increase in
naringenin production with multiple knockouts of PDT, TRP2,
and ARO10 is consistent with this previous work in S.
cerevisiae.56

3. CONCLUSIONS
In conclusion, a multiplexed cytosine base editor will be a
valuable addition to the synthetic biology toolbox of Y. li
polytica. We have demonstrated that the cytosine base editor
can perform multiplexed gene editing efficiently, irrespective of
the strains. The editing efficiency exceeds the current
multiplexed gene editing methods in Y. lipolytica. We also
demonstrated the application of a cytosine base editor by rapid
multiplexed gene editing to increase naringenin production,
identifying novel targets for increasing malonyl-CoA-derived
molecules.

4. MATERIALS AND METHODS
4.1. Strains and Media. The ΔKu70 strain was generated

by knocking out the Ku70 gene from the wild-type Po1f
(ATCCMYA2163).31 The ΔKu70 strain was used for base
editing experiments, unless specified. YSC-URA medium
supplemented with 2% glucose was used for all of the base
editor experiments except the two-copy base editor experi-
ment. YSC-LEU-URA medium supplemented with 2% glucose
was used for the two-copy base editor experiments. The liquid
transformants were plated on a nonselective YSC plate
supplemented with 2% glucose to evaluate base editing
efficiency. For CAN1 co-selection experiments, liquid trans-
formants were plated on YSC-arginine supplemented with 2%
glucose and 80 mg/L L-canavanine (Sigma-Aldrich). Nar-
ingenin fermentation was done in 50 mL baffled flasks
containing 12 mL YP (2% yeast extract and 1% peptone)
media supplemented with 2% glucose or glycerol at 30 °C.
Precultures were inoculated at an initial OD of 0.05.
Naringenin extraction was done at 84 h. LB media
supplemented with 100 μg/L ampicillin or 50 μg/mL
kanamycin was used for cloning. All cultures were cultured
in a 14 mL polystyrene tube containing 2 mL of liquid culture.
Yeast cultures were grown at 30 °C and 215 rpm.
4.2. Plasmid Design and Cloning. Cytosine deaminase

from Petromyzon marinus and uracil glycosylase inhibitor from
Bacillus subtilis bacteriophage PBS1 were codon-optimized for
Y. lipolytica by Genscript’s Gensmart tool and synthesized as
gene fragments by Genewiz. PmCDA1 was fused to the N-
terminus of nCas9(D10A) using the 48bp XTEN linker, and
UGI was fused to the C-terminus of nCas9(D10A) using the

SGGS linker. The NLS tag was fused to UGI through the
linker SRAD. The PIW(URA) uracil plasmid was digested with
AscI and NheI, and three fragments were inserted by using the
NEBHifi DNA Assembly master mix. FjTAL, A4CL, PhCHS,
and MsCHI were codon-optimized by Genscript’s Gensmart
tool using Y. lipolytica and synthesized as gene fragments by
Genscript. FjTAL-At4CL-MsCHI was integrated at the AXP
locus of the ΔKu70 strain. PhCHS was integrated at the D17
locus in AXP (FjTAL-At4CL-MsCHI). All of the plasmids and
primers for assembly are listed in Table S11. All of the codon-
optimized gene sequences are listed in Table S14.
4.3. Plasmid Design for Golden Gate Base Editor

Vector. First, the base editor plasmid was modified to insert
type IIs BsmBI sites at the end of tRNAgly and the beginning of
the poly T terminator. A template containing gRNA scaffold-
Poly T-Scrp′- tRNAgly was constructed in the kanamycin
plasmid backbone. gRNAs were inserted through PCR
amplification in which overhangs constituted 20bp gRNA
sequences. The overhangs were split between forward and
reverse primers according to the 4bp sticky ends. The primers
used for single gRNA cloning are listed in Table S9. The
primers used for multiplexed gRNA cloning are listed in
Supporting Table S10.
4.4. gRNA Design for Base Editor. gRNA was designed

using a regenome web portal using Y. lipolytica as the species of
interest.32 Cytosine or guanine was identified in the 4bp
window starting C15−C18 from the PAM sequence. gRNAs
were selected as those without any off-target effects. gRNAs
were designed to target the coding strand of genes containing
CGA (Arg), CAG (Gln), CAA (Gln), and TGG (Trp) to
create stop codons. All of the gRNAs used in this study are as
described in Table S5.
4.5. Yeast Transformation. 1000 ng episomal DNA

carrying base editor and gRNA was transformed in 200 μL
yeast transformation mix containing 40% PEG4000, 0.1 M
dithiothreitol, 0.1 M Lithium acetate, and 250 ng boiled
salmon sperm DNA. A loop of cells (approximately 108 cells)
from the YPD plate was added to the yeast transformation mix
and heat-shocked for 90 min at 39 °C. 700 μL of YSC-LEU
media or YSC-LEU-URA media was added and centrifuged at
5000g for 5 min. The supernatant was removed, and the cell
pellet was resuspended with 1 mL of YSC-LEU or YSC-LEU-
URA media. The resuspend mix was added to 1 mL of drop-
out media and was grown in a 28 °C shaker at 215 rpm for 72
h. 20 μL of the preculture was added to 2 mL of YSC-LEU or
YSC-LEU-URA media and grown for 48 h. 3 μL of culture was
added to 1 mL of sterile water and plated in the nonselective
plate with 15 or 125 μL. For CAN1 co-selection experiments,
the culture was plated in a YSC-Arginine plate containing 80
mg/L of canavanine. Colonies from every plate were picked,
PCR amplified, and sent for Sanger sequencing (Genewiz).
4.6. Golden Gate Assembly Protocol. Golden Gate

assembly was used for cloning guide RNAs. Domestication of
BsmBI sites was done using Gibson assembly protocol at three
different regions of the plasmid. A template containing a gRNA
scaffold was used for cloning single guide RNAs. Overhangs on
the forward primer contained the 20bp gRNA sequences for
targeting the genes. A template containing scaffold-Scrp-tRNA
and scaffolds was used to assemble multiple gRNAs. Over-
hangs on the primers were used to insert 20bp guide RNAs.
The overhangs were split up into forward or reverse primers
based on 4bp sticky ends. Different sticky ends were used at
each junction. Golden gate assembly was done by using the
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NEBBridge ligase master mix’s protocol. All of the Golden
Gate assembly reactions were done at 60 cycles of 42 °C at 5
min and 16 °C at 5 min, followed by final 60 °C incubation for
1 h. 2.5 μL of the Golden Gate mix was transformed with 50
μL of DH5-α competent cells. Q5 Hot Start PCR master
mix(2X) was used for PCR, and clones were verified by Sanger
sequencing with Genewiz.
4.7. High-Performance Liquid Chromatography

(HPLC) for Naringenin Quantification. 1 mL methanol
was added to 1 mL of cell culture and sonicated for 60 min.
The sonicated mix was centrifuged at 12,000g for 20 min, and
10 μL of the extract was run on Agilent 1200 HPLC equipped
with a variable detector and C18 column (Agilent RRHD
Eclipse Plus C18, 2.1 × 50 mm2, 1.8 μm). The gradient
method was used at a flow rate of 0.5 mL/min using water
(Solvent A) and acetonitrile (Solvent B) with the following
method: start at 5% B, hold at 5% B for 1.5 min, 10% B to 99%
B for 12 min, hold at 99% B for 3 min, and 99% B to 5% B for
1 min; the total run time was 16 min. Naringenin was detected
at a retention time of 5.5 min at a wavelength of 290 nm.
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