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Engineering of microbial factories enables the sustainable pro-
duction of an array of compounds, from commodity fuels/
chemicals to high-value pharmaceuticals. Saccharomyces 

cerevisiae has long served as a broad-range eukaryotic microbial 
factory, attributable to its thorough characterization and compre-
hensive engineering toolkit. The convenience of leveraging S. cere-
visiae has resulted in its overrepresentation as a microbial factory1. 
The concurrent discovery and characterization of nonconventional 
organisms with diverse phenotypes has resulted in a paradigm shift 
towards identification of pre-existing phenotypes tailored for the 
desired application2. Examples include: Yarrowia lipolytica (lipid 
production), Kluyveromyces marxianus (thermotolerant, broad 
substrate utilization), Hansenula polymorpha (thermotolerant, pro-
tein production) and Scheffersomyces stipitis (xylose utilization, aro-
matic production)3–6. Precision genome editing is one of the most 
desirable tools in microbial factory engineering. Unlike S. cerevisiae, 
which primarily employs HDR to repair DSBs, nonconventional 
organisms primarily employ NHEJ7. NHEJ proficiency extends 
beyond yeast to plants, animals and humans, presenting a ubiq-
uitous obstacle to many researchers who implement CRISPR and 
related technologies that rely on HDR-mediated genome editing.

Current strategies used to combat NHEJ proficiency involve 
knockout/knockdown of NHEJ-associated genes or chemical inhi-
bition of gene products2,8. Interfering with a critical DSB repair 
mechanism negatively impacts cellular fitness/growth, potentially 
hindering microbial factory capacity8. NHEJ, simpler and faster 
than HDR9, grants a cell more capacity to repair DSBs and safeguard 
its genome.

Working with S. stipitis as a model NHEJ-proficient host, we 
discovered that NHEJ disruption could impede microbial factory 
performance. Considering the cumbersome nature of engineering 

NHEJ-deficient strains and the potential for undesirable down-
stream performance outcomes, we sought to establish a precision 
genome-editing workflow without reliance on NHEJ disruption. We 
identified several shortcomings with conventional yeast CRISPR 
platforms to develop a revamped CRISPR platform, LINEAR.

Here we show that temporal control of Cas9 expression and 
repackaging the delivery of CRISPR expression components and 
donor DNA in a single, linear DNA fragment boosted precise genome 
editing to efficiencies of 67–100% in several NHEJ-proficient 
strains. We then leverage the intact NHEJ as a fine-tuning pathway 
expression tool to illustrate how NHEJ and LINEAR function syn-
ergistically in strain engineering, rapidly creating an aromatic com-
pound biosynthesis platform to produce (S)-norcoclaurine, the key 
precursor for benzylisoquinoline alkaloid (BIA) biosynthesis.

Results
NHEJ disruption may diminish microbial factory capacity. To 
assess NHEJ proficiency and the associated challenge it presents 
in genome editing, we selected three noteworthy nonconventional 
yeast species (Y. lipolytica, K. marxianus and S. stipitis) and bench-
marked them with S. cerevisiae. We cotransformed each species 
with a digested vector containing a disrupted intense green fluo-
rescent protein (GFP) cassette and a repair fragment containing 
30-base-pair (bp) homology arms at the digested ends (Fig. 1a). 
Restoration of the GFP ORF required HDR-mediated integration 
of the repair fragment, thereby coupling fluorescence to HDR effi-
ciency. As anticipated, substantially lower ratios of fluorescent colo-
nies to total colony numbers were observed for nonconventional 
yeasts compared to S. cerevisiae (Fig. 1b). Among yeasts surveyed, 
S. stipitis demonstrated the highest propensity (~90%) to repair the 
vector via NHEJ and/or other error-prone pathways. Predicated 
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on our findings, we selected S. stipitis as a model NHEJ-proficient 
organism, ideal for establishing a generalizable nonconventional 
strain engineering workflow.

The heterodimer of KU70p and KU80p functions in DNA dam-
age response (DDR), committing the cell to NHEJ by capping the 
exposed ends of a DSB, blocking HDR-associated proteins and 
recruiting NHEJ-associated proteins to process and ligate the ends. 
Deletion of KU70/80 to bias HDR is commonly implemented in 
yeast genome editing, with our laboratory disrupting KU70/80 in 
S. stipitis10. Considering the cumbersome nature of this endeavor 
(attributable to lowered transformation efficiencies in strains Δku70 
and Δku80 and the arduous process of iterative rounds of genome 
modification and marker recycling), the associated reduction in 
vitality/genome instability of the resultant Δku70Δku80 strain (con-
sistent with work in mammalian cells11,12) and the NHEJ proficiency 
of the wild-type strain, we questioned whether NHEJ disruption 
could result in deleterious side effects that hinder microbial factory 
performance. Although KU70/80 can be restored in the final engi-
neered strain, this strategy requires additional rounds of genome 
modification and marker recycling. An ideal genome-editing work-
flow should minimize engineering efforts whilst preserving micro-
bial factory performance.

Growth analyses revealed that Δku70/80 grew markedly more 
slowly than the wild type in both selective (basal) and nonselective 
(rich) media (Fig. 2a). Intriguingly, we observed a greater disparity 
in growth rate between the wild type and Δku70/80 strains in rich 
medium than in basal medium. Inspection of the semilogarithmic 
transformed growth curve for Δku70/80 in rich medium yielded two 
distinct linear regimes (Fig. 2b). The ‘fast’ regime, encompassing the 
initial 2.75 h, exhibited a growth rate virtually identical to that of 
the wild type (µ = 0.25 h−1). This was immediately proceeded with 
a ‘slow’ regime and a drastically reduced growth rate (µ = 0.08 h−1). 
We postulate that the higher metabolic rate from growth in rich 
medium and the associated increase in DNA-damaging agents 
such as reactive oxygen species (ROS) exacerbated the weakened 
DDR of Δku70/80. Conversely, lower nutrient quantity in the basal 
medium slowed metabolic rate, blunting accumulation of ROS and 

thus dampening the dependence of cellular proliferation on DDR. 
We also explored the impact of NHEJ disruption on performance 
by overexpressing the shikimate accumulation pathway (a reporter 
metabolite used for assessment of aromatic production potential) in 
the wild-type and Δku70/80 strains. The wild type produced over 
twofold more shikimate compared to Δku70/80 (Fig. 2c), indicating 
potential negative ramifications of NHEJ disruption in S. stipitis. We 
advise researchers to screen for any deleterious side effects when 
disrupting NHEJ in their strains.

Exploring a temporal control strategy. After the discovery of 
nonidealities associated with NHEJ disruption variants and con-
sidering the cumbersome nature of deleting KU70/80, we sought 
alternative methods to enhance HDR-mediated genome editing. 
An extensive review of 200 instances of genome editing in yeasts 
identified four main platforms (Extended Data Fig. 1), with most 
(76%) implementing cotransformation of a Cas9/single guide 
RNA (sgRNA)-expressing plasmid and a linear donor DNA frag-
ment (Platform I). Genomically integrated CRISPR and donor 
DNA (Platform II), consolidated CRISPR–sgRNA and donor plas-
mids (Platform IV) and NHEJ-mediated deletion/no donor DNA 
(Platform V) correspond to the remaining 11, 8 and 5%, respec-
tively. We expanded our review to vertebrates, because NHEJ pro-
ficiency also presents a substantial hurdle in genome editing of 
higher-level eukaryotes. Reviewing an additional 200 instances of 
vertebrate genome editing, we determined that Platform I repre-
sents the consensus platform (Extended Data Fig. 1). Notably, the 
search in vertebrate genome editing identified a strategy potentially 
applicable to yeasts: multiple works reported that temporal control 
of Cas9 expression enhanced HDR in vertebrates13–15.

Repetitive DNA and the associated homologous regions scattered 
throughout the genomes of NHEJ-proficient organisms increase the 
probability of a non-sister chromatid incorrectly serving as a repair 
template for DSBs, potentiating large-scale chromosomal rearrange-
ments16. HDR activity in NHEJ-proficient organisms is thus con-
strained to actively dividing cells in the mid-S, G2 and M phases of 
the cell cycle, when a sister chromatid can serve as a repair template17.  
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Fig. 1 | Surveying NHEJ preference in industrially relevant yeast species. a, Schematic of an assay implemented to assess NHEJ preference. We speculate 
that this assay, which relies on plasmid-based recombination, still underrepresented NHEJ preference relative to the context of repairing Cas9-induced 
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contrast to restoration of a nonessential GFP gene on extrachromosomal DNA, a chromosomal DSB imparts direct pressure on the cell to seal the lesion 
and safeguard its genome. b, HDR activities assessed in four yeasts. Results are presented as mean ± s.d. of three biological replicates. Statistical analysis 
was performed using one-way analysis of variance (ANOVA), with the mean of every sample compared with that of every other sample and Tukey’s post 
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Geminin is an APCCDH1 substrate present in multiple model eukary-
otes (that is, fly, frog and silkworm)18–20 (Fig. 3a). It inhibits DNA 
replication, and its temporal expression pattern is such that DNA 
replication occurs exactly once per cell cycle21. Fusion of Cas9 with a 
110-residue-long peptide corresponding to the N terminus of gemi-
nin synchronized Cas9 DSB induction with maximum HDR activ-
ity, mediating precision gene editing in human cells22.

Considering the intricacies of cell cycle processes and that some 
mechanisms utilized by yeast deviate from higher eukaryotes, we 
questioned whether this human geminin (hGem) tag could con-
fer temporal expression control in yeast (Supplementary Figs. 
1–4). To this end, we constructed two blue fluorescent protein 
(BFP)-expressing S. stipitis strains, one expressing BFP and the 
other expressing a modified BFP with hGem fused to the C ter-
minus. To assess hGem functionality we conducted a time course 
study, analyzing BFP expression of 25 subcultures from each of the 
two genotypes (Fig. 3b–e). We designed our assay to eliminate the 
possibility that attenuated BFP expression in the BFP-hGem geno-
type was not merely an artifact of hGem interfering with posttrans-
lational processing and/or folding. We used the constitutive TDH2 
glycolytic promoter to drive expression of the cassette. Considering 
the brevity of the G1 phase relative to the remainder of the cell cycle 
in rapidly proliferating yeast23,24, we anticipated that constitutive 
transcription would result in a net accumulation of BFP-hGem and 
a subsequent comparable expression level with that of BFP during 
the exponential growth phase, provided that hGem did not interfere 
with BFP function (Fig. 3c). As cells transitioned from exponen-
tial to stationary phase, which is associated with a prolonged G1 
phase and downregulation of glycolytic transcription in response 
to depleted glucose levels, these conditions would favor BFP-hGem 
degradation. This shift towards degradation should become more 
pronounced once fully transitioning to stationary phase, because 
senescent cells arrest in G1 phase25,26. As anticipated, we observed 
appreciable and more drastic reduction in both BFP expression and 
the percentage of BFP+ cells in the BFP-hGem genotype compared 
to the BFP genotype as the cultures approached stationary phase 
(Fig. 3d,e). Moreover, no discernible difference was observed until 
this transition, corroborating that reduced BFP expression was 
attributed to APCCDH1-targeted G1 phase degradation as opposed to 
intrinsic interference from hGem.

Conventional platforms are impotent in the NHEJ-proficient 
phenotype. To assess whether the temporal dynamics conferred 
by hGem could mediate HDR, we tagged the C terminus of Cas9 
with hGem in our expression plasmid and attempted to delete XYL2 
encoding xylitol dehydrogenase, which is nonessential when glu-
cose is present as a carbon source. We cotransformed S. stipitis with 
a donor DNA consisting of a GFP cassette and 500-bp homologies 
flanking the target cut site with a Cas9–hGem/sgRNA-expressing 
plasmid (Platform I in Extended Data Fig. 1). Implementation of this 
most popular Platform I in multiple experimental attempts yielded 
unexpected genome-editing outcomes with no observable signs of 
HDR. We also tested a consolidated Cas9–hGem/sgRNA-expressing 
and donor DNA ‘self-digesting’ plasmid (Platform IV in Extended 
Data Fig. 1), which yielded similar failures (Extended Data Fig. 2). 
The inability to obtain precisely edited clones with the aid of a tem-
poral control strategy that succeeded in engineering higher eukary-
otes demonstrated the ineffectiveness of the conventional CRISPR 
platforms in S. stipitis (Supplementary Note 1).

Notably, we routinely observed a subset of colonies with vis-
ibly intense GFP expression relative to standard GFP-expressing 
colonies. We postulated that this phenomenon was the result of an 
aberrant recombination event whereby the donor DNA circularized 
with a genome-originating, autonomously replicating sequence 
(ARS), enabling the GFP gene to replicate and propagate to prog-
eny. We conducted an aberrant recombination assay, verifying that 
aberrant recombination events mediated by NHEJ activity resulted 
in the formation of ‘pseudoplasmids’ (Extended Data Figs. 3 and 
4, Supplementary Fig. 5 and Supplementary Note 1). These results 
demonstrate the ineffectiveness of the conventional, plasmid-based 
CRISPR platforms in S. stipitis and how NHEJ enables cells to bypass 
the selection/screening process, reiterating the intrinsically difficult 
task of precision editing in NHEJ-proficient organisms.

LINEAR enables precise editing in a NHEJ-proficient back-
ground. Assessment of failures associated with the traditional 
CRISPR platforms guided the development of the LINEAR CRISPR 
platform. LINEAR consists of a single linear DNA molecule encod-
ing the Cas9–hGem/sgRNA expression cassettes and the donor 
fragment (Fig. 4a and Extended Data Fig. 5). Transformation of a 
single fragment ensures that transformed cells take up all necessary 
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components (Fig. 4b,c). On the donor fragment, LINEAR substi-
tutes a fluorescent reporter with a selection marker, applying selec-
tive pressure to employ the HDR pathway27 and facilitating direct 
screening of precisely edited clones. Selection marker recycling per-
mits iterative rounds of LINEAR editing. The removal of episomal 
elements (that is, ARS and centromere) from the LINEAR platform 
prevents propagation of the Cas9–sgRNA expression cassette to 
progeny, ameliorating the toxicity issues associated with constitu-
tive nuclease expression.

As a proof of concept, we implemented LINEAR for targeted 
deletion of XYL2 in S. stipitis. In as little as 2 days, numerous colo-
nies emerged (compared to 4 days and substantially reduced colony 

numbers with Platforms I and IV; Extended Data Fig. 6), suggest-
ing that hGem and the removal of episomal elements minimized 
nuclease toxicity. Sequencing confirmed 100% HDR-mediated pre-
cise insertion of donor DNA (From ten randomly picked clones; 
Supplementary Fig. 6), representing a substantial improvement over 
the previously reported editing efficiency (Fig. 5). In the initial design, 
we inserted a GFP cassette between the donor DNA and sgRNA cas-
sette components to assess the frequency of aberrant pseudoplas-
mid formation (Extended Data Figs. 3 and 4). Among hundreds of 
colonies, only one visibly expressed GFP (Supplementary Fig. 6a), 
suggesting an extremely low occurrence of aberrant recombination 
events with the LINEAR platform. Accordingly, we omitted the 
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negative reporter GFP cassette to simplify subsequent designs. The 
spontaneous elimination of nonpropagative LINEAR DNA in prog-
eny reduces incubation periods associated with constitutive Cas9 
expression and plasmid curing in the conventional platforms, expe-
diting the workflow from 14 days (Extended Data Fig. 2a) to 5 days 
(Fig. 4b). Having established LINEAR as a precision gene knockout 
tool, we explored LINEAR’s capabilities in achieving more extensive 
genome modifications. Using LINEAR, we precisely integrated the 
three-gene, 5.7-kb (S)-norcoclaurine pathway and the three-gene, 
12-kb shikimate pathway into the XYL2 locus, with HDR efficiency 
of 80 and 41%, respectively (Supplementary Fig. 7).

To thoroughly characterize the LINEAR platform, we assessed 
the individual impacts of homology arm length and the hGem tag 
on editing outcomes. For the XYL2::URA3 LINEAR design (con-
taining the initial negative reporter GFP cassette to assess aber-
rant recombination rate), we removed hGem and/or truncated the 
homology arms to 50 bp, a length feasibly appended to a primer 
(thereby modestly simplifying cloning; Extended Data Fig. 5a). 
Truncation of the homology arms drastically reduced colony num-
ber, increased aberrant recombination (that is, GFP+ clones) and 
lowered HDR efficiency slightly from 100 to 90% with hGem pres-
ent in the LINEAR platform and from 90 to 70% with no hGem 
tag (Extended Data Figs. 7 and 8). Although appreciable HDR was 
retained with the 50-bp homology arms, it is worth noting that the 
negative GFP reporter was needed to filter GFP+ clones represent-
ing aberrant recombination. In contrast, when 500-bp homology 
arms were applied, almost no aberrant recombination occurred. 
Therefore, we recommend researchers use 500-bp homology arms 
to ensure obtainment of the desired genome modification with 
minimal screening effort.

In regard to the benefit of the hGem tag, this boosted HDR effi-
ciency from 90 to 100% and from 70 to 90% when using 500- and 
50-bp homology arms, respectively, when XYL2 was replaced by 
URA3 (Extended Data Figs. 7 and 8). To verify its contribution to 
HDR-mediated insertion of a long pathway, we also removed hGem 

from the XYL2::GSAU LINEAR design and observed a 10% reduc-
tion in HDR efficiency (Extended Data Fig. 9). For all three plat-
forms tested, we observed instances of error-prone insertion of the 
donor DNA when hGem was removed, indicating that inclusion of 
hGem prevented induction of DSBs in the G1 phase when HDR was 
inactive (Extended Data Figs. 7d, 8e and 9d).

To test general applicability, we implemented the LINEAR plat-
form in three other industrially relevant NHEJ-proficient yeasts. 
Previous gene knockout efforts in these species implemented the 
conventional CRISPR platforms and were reliant on either unpre-
dictable NHEJ-derived indels (K. marxianus28 and H. polymor-
pha29,30) or the creation of Δku strains to achieve sufficient HDR 
(Y. lipolytica31,32). Targeting the same loci reported in the previous 
studies, LINEAR achieved highly efficient HDR in the wild-type 
background (67–100%; Fig. 5 and Supplementary Fig. 8). We also 
tested different loci to ensure versatility, achieving efficient pre-
cision deletions of ARO10 in S. stipitis and BAT1 in Y. lipolytica  
(70–90%; Supplementary Fig. 9).

Leveraging NHEJ and LINEAR in strain engineering. Having 
demonstrated LINEAR as an efficient and robust precision 
genome-editing tool that functions in the NHEJ-proficient 
background, we sought to establish heuristics in engineering of 
NHEJ-proficient yeasts. Heterologous pathway tuning presents 
a major rate-limiting step in the engineering of industrial strains, 
requiring stable genomic expression. A common perception persists 
that integration of pathway genes to accessible, ‘safe harbor’ regions 
on the genome represents the best option because transcriptional 
machinery will be actively recruited and promote high-level path-
way transcription. However, this oversimplifies the pathway opti-
mization equation: safe harbor loci are necessary, but not sufficient, 
for obtaining balanced expression of all pathway genes33, because 
the metabolic burden associated with high-level expression can 
hinder production of the desired compound34. Effective produc-
tion also demands numerous cross-talks with global metabolism,  
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distributing cellular resources (for example, NAD(P)H, ATP and 
key metabolites) to maximize productivity. Even with the assistance 
of genome-scale metabolic models, the metabolic engineering field 
is still far from resolving the regulation of redox balance and ener-
getics, a prerequisite in determining the rational wiring of a heter-
ologous pathway into the cellular metabolic network35.

The multitude of factors influencing a pathway’s performance ren-
ders accurate prediction of an ideal expression locus highly improb-
able, necessitating library generation and screening. NHEJ-mediated 
random integration enables rapid construction of expression libraries 
whose members are diversified by the spatiotemporal fluidity of the 
genome36. Screening of NHEJ-created libraries therefore surveys the 
landscape of a genome for a locus whose expression dynamics is opti-
mal for the pathway in question. Although NHEJ-mediated random 
integration is not a new technique for integration of heterologous 
pathways, we aim to change the associated connotations that NHEJ is 
not an ideal method and is thus deployed only when other methods 
such as CRISPR are not viable. Rather, we posit that NHEJ-mediated 
library creation enables exploration of the spatiotemporal nature of 
a genome for a favorable expression locus, appending time dimen-
sionality to the current three-dimensional design paradigm in the 
metabolic engineering field37. Precision editing via LINEAR, in con-
junction with diversification of pathway expression dynamics by 
NHEJ, comprises a serviceable genome-editing toolkit.

To demonstrate the utility of this genome-editing toolkit, we 
implemented LINEAR and NHEJ-mediated random integration to 
engineer the plant-sourced (S)-norcoclaurine pathway in S. stipitis. 
(S)-norcoclaurine represents a primary chassis metabolite in the 
biosynthesis of BIAs, a highly valuable class of bioactive molecules38. 
We split the seven-gene heterologous pathway into an upstream pre-
cursor module and a downstream (S)-norcoclaurine product mod-
ule (Extended Data Fig. 10). To screen for an enhanced flux towards 
l-tyrosine production in a high-throughput manner, we adopted 
a biosensor and an associated colorimetric assay that exploits the 
spontaneous formation of betaxanthin39, a yellow-pigmented com-
pound. Aro10p catalyzes the first committed step in the degradative 
Ehrlich pathway, and its deletion has been demonstrated to improve 
aromatic-derived product titers in yeast40. Accordingly, for the first 
step in the strain engineering process, we integrated the two-gene 
betaxanthin pathway (comprising TyrH* and DOD) into the ORF of 
ARO10 via LINEAR, simultaneously integrating the biosensor and 
deleting the competitive pathway via HDR (Fig. 6a).

Following isolation and confirmation of a precisely edited clone, 
we employed Cre-loxP recombination to recycle the URA3 selection 
marker. Next, we constructed an NHEJ-mediated random integra-
tion library of the l-tyrosine precursor module by transforming this 
strain, Δaro10::TD*, with a DNA fragment containing the four-gene 
upstream module. The pathway was flanked with BFP and URA3, 
with the former serving as a reporter for genomic pathway integra-
tion (we abbreviate this cassette to BSA4 hereafter). We opted for 
BFP as the reporter in this step to avoid interference with the subse-
quent biosensing step (that is, the GFP fluorophore utilizes the same 
excitation/emission wavelengths as the biosensor). Genomic BFP 
expression and Ura+ phenotypes were used to ensure genomic inser-
tion of the entire upstream module41. As expected, library screening 
revealed a spectrum of betaxanthin production with the top per-
former, strain BSA4 41, confirmed in a follow-up assay (Fig. 6b,c).

Moving forward with strain BSA4 41, we shifted our focus to the 
downstream product, (S)-norcoclaurine (Extended Data Fig. 10). 
We implemented LINEAR to replace the DOD gene associated with 
the betaxanthin biosensor with DODC and NCS, the downstream 
module genes required for (S)-norcoclaurine biosynthesis (Fig. 6a).  
After obtaining a precisely edited clone, 41 Δaro10::TDNUloxP 
(that is, ARO10::TyrH, DODC, NCS and loxP-flanked URA3), we 
constructed a NHEJ-mediated random integration library for the 
three-gene downstream module. Although one copy of the down-
stream pathway already resided in ARO10, the genomic context 
associated with this locus may not result in favorable expression 
dynamics. This necessitated screening of a second locus that, in con-
junction with the copy in ARO10, yielded a more optimal solution.

To this end, after recycling URA3 we transformed strain 41 
Δaro10::TDN with a fragment containing the three-gene down-
stream module flanked with GFP and URA3. Analogous with the 
upstream module library, initial screening of (S)-norcoclaurine fer-
mentation performance by liquid chromatography–mass spectrom-
etry (LC–MS) revealed a spectrum of (S)-norcoclaurine production 
(Fig. 6d). Notably, the parent strain 41 Δaro10::TDNU produced 
only ~5 µg l–1, corroborating that rational selection of expression 
loci (such as insertion of the downstream module into the ARO10 
locus) will most probably not yield an optimal solution. The top 
performer produced 75 µg l–1, an almost 15-fold improvement com-
pared to the parent strain (Fig. 6e).

Lastly, we sequenced the genomes of the top four performing 
strains by Nanopore sequencing and did not observe any large-scale 

Strain Locus

Previous CRISPR–Cas9 strategies LINEAR

CRISPR platform employed WT or NHEJ-
deficient genotype

KO efficiency (%)
(HDR or NHEJ) Reference no.

KO efficiency (%)
(HDR in WT genotype)

S. stipitis
FLP UC7

XYL2
Cas vector and donor DNA

(Platform I) WT 0 (HDR) This study 100

K. marxianus
YS402 XYL2

Cas vector
(Platform V) WT

NA (HDR)
66 (NHEJ) 28 100

H. polymorpha
DL1 ADE2

Cas vector and donor DNA
(Platform I) WT 28 (HDR)

28 (HDR)

29 67

Y. lipolytica
PO1f PEX10

Consolidated cas/donor vector
(Platform IV) Δku70Δku80

31

77
Cas vector and donor DNA

(Platform I)

WT 17 (HDR)

WT 16 (HDR)
32

Δku70 86 (HDR)

Fig. 5 | Comparison of editing efficiency between the LINEAR platform and the conventional CRISPR platforms in various nonconventional species. 
LINEAR enhanced HDR editing outcomes in all four nonconventional species tested, demonstrating efficiency and tractability. A select number of colonies 
were randomly screened for genome-editing verification (S. stipitis, n = 10; K. marxianus, n = 9; Y. lipolytica, n = 13; H. polymorpha, n = 9). WT, wild type. For 
detailed summaries of downstream verification, refer to Supplementary Figs. 6 and 8.
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genomic rearrangements (Supplementary Fig. 10), indicating that 
the short exposure of the genome to Cas9, iterative marker recy-
cling and NHEJ-mediated pathway integration did not compromise 
genome integrity in this case. These analyses also confirmed the 
downstream module inserted into different loci in each strain (for 
example, strain no. 6 integrated to Chromosome 5 whereas strain 
no. 59 integrated to Chromosome 4; Supplementary Table 1). These 
results confirm that NHEJ-mediated random integration can effec-
tively identify loci with favorable expression dynamics, expediting 
strain engineering efforts.

Discussion
Beyond more easily assessable impacts of NHEJ disruption, such 
as growth and product titer, we also advise researchers to recon-
sider NHEJ disruption from the perspective of enzymes. One major 
advantage of yeasts as prospective microbial factories, compared 
to simpler prokaryotic organisms, is the former’s ability to express 
membrane-associated, heme-dependent cytochrome P450s capable 
of performing intricate oxidations in the production of derivatized 
steroids, fatty acids and other highly sought-after natural prod-
ucts derived from plants42. For example, in addition to tyrosine  

hydroxylase (encoded by TyrH) in the (S)-norcoclaurine pathway, 
multiple cytochrome P450s catalyze downstream reactions associ-
ated with the BIA class of compounds. Expression of cytochrome 
P450 and other metal cofactor-dependent oxidative enzymes 
produces appreciable levels of highly oxidative metabolic side 
products43, imposing oxidative stress and DNA damage44,45. The 
increased sensitivity of an NHEJ-deficient strain to DNA-damaging 
agents suggests that heterologous expression of cytochrome P450s 
may not be well tolerated in a NHEJ-deficient host.

LINEAR presents an alternative to NHEJ disruption to achieve 
precision genome editing, with the added benefit of not needing 
a stable episomal plasmid, removing the hurdles associated with 
identification of an ARS and a centromeric sequence46. Currently, 
many nonconventional hosts lack stable episomal plasmids and the 
characterization of centromeres presents a major technical hurdle 
in the development of episomal expression platforms for eukary-
otic hosts47. Moreover, the extremely long nature of centromeres 
(40–110 kb) in many of these organisms (for example, the fission 
yeast Schizosaccharomyces pombe) renders them infeasible for plas-
mid development. The presented case study outlines a workflow 
that does not require NHEJ disruption or an episomal plasmid,  
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Fig. 6 | Case study demonstrating the utility of LINEAR and NHEJ synergistically in strain engineering. a, Timeline for optimization of a 
norcoclaurine-producing yeast factory. b, Screening the NHEJ-mediated expression library for the upstream module. c, Confirming the performance 
of the top producers identified from the screen in b. d, Screening the NHEJ-mediated expression library for the downstream module. e, Confirming the 
performance of the top producers identified from the screen in d. Strain no. 55 was removed from downstream analysis due to production instability. 
Results presented as mean ± s.d. of three biological replicates. Statistical analysis was performed using one-way ANOVA, with the mean of every sample 
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expediting strain engineering of novel species. With NHEJ intact, 
the ability of NHEJ to survey the genome could also facilitate the 
development of gene-trapping strategies developed in mammalian 
cell lines whereby random insertion and detection of a reporter 
cassette on the genome sheds light on novel genotype/phenotype 
relationships48. Such a utility enables swift identification of gene 
knockout candidates to further enhance production.

For those interested in implementing LINEAR in their strains, 
we have provided a detailed protocol (Supplementary Note 2) and 
deposited annotated plasmid sequences used for the four strains 
in this study (Addgene nos. 174837–174840). One may question 
the necessity of hGem in the LINEAR platform, considering that 
its impact on editing efficiency was modest (Extended Data Figs. 7 
and 8). Indeed, the nonpropagative nature of the LINEAR platform 
grants substantial control over Cas9 expression within a proliferat-
ing population, whereby the additional level of precision hGem offers 
may not be critical. However, in addition to the complete synchroni-
zation of DSB induction with maximal HR activity, the proteolyza-
tion of Cas9–sgRNA complexes in the proceeding G1 phase would 
further reduce toxicity and indels, because Cas9–sgRNA complexes 
propagated to progeny cells would be rapidly targeted by APCCDH1. 
The benefit could be more pronounced in other, more difficult, loci or 
in more challenging organisms. Also, considering that the hGem tag 
demonstrated no apparent negative consequences in any context, we 
advocate its inclusion when the LINEAR platform is applied in a new 
host, to reduce screening efforts. We also explored the prospect of 
leveraging endogenous APCCDH1 substrates, because these could pre-
sumably yield higher specificity/more targeted degradation. Yeasts do 
not possess a geminin homolog, but rather rely on the coordination 
of multiple cell division cycle (Cdc) proteins to license DNA replica-
tion49. During the onset of this project, we fused the full-length Cdc5p 
to Cas9 but observed a drastically reduced number of transformants, 
attributable to a supraphysiological level of Cdc5p in the Cdc5p–Cas9 
chimera disrupting the cell cycle50. The heterologous nature of hGem 
minimizes interference with endogenous cell cycle processes.

In summary, the ability to rapidly perform precision genome 
edits and tune pathway expression should facilitate the establish-
ment of novel hosts as platform strains in the production of valu-
able compounds. The new-found genome-editing capabilities 
in NHEJ-proficient organisms granted by LINEAR indicate that 
NHEJ-proficient organisms could be potentially handled in a man-
ner similar to that for S. cerevisiae. The myriad of tools developed in 
S. cerevisiae that require precise genome modifications can now be 
implemented in a broader spectrum of hosts more effectively.
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Methods
Strains and media. Scheffersomyces stipitis strain FLP-UC7 (ura3-3, NRRL 
Y21448) was gifted from T. W. Jeffries (retired, University of Wisconsin and 
Xylome Corporation, Madison, WI, USA). Y. lipolytica PO1f (MATA, leu2-270, 
ura3-302, xpr2-322, axp-2) was purchased from ATCC (Manassas, VA, USA).  
K. marxianus YS402 (CBC6556 Δura3)28 was gifted from I. Wheeldon (University 
of California Riverside, CA, USA). H. polymorpha DL1 Δleu2 was derived from  
H. polymorpha DL1 purchased from ATCC by introduction of a zeocin cassette 
into the ORF of LEU2. S. cerevisiae YSG50 (MATα, ade2-1, ade3Δ22, ura3-1,  
his3-11, 15, trp1-1, leu2-3, 112, can1-100) was used as the host for plasmid 
assembly in this study. All yeast strains were cultured at 30 °C (except for  
K. marxianus YS402, which was cultured at 37 °C) in YPAD, YPAX and synthetic 
complete (SC) dropout media. YPAD and YPAX media contained 1% w/v yeast 
extract, 2% w/v peptone, 0.01% w/v ademine hemisulphate and either 2% w/v 
dextrose or 2% w/v xylose, respectively. SC dropout medium, used to select 
transformants possessing auxotrophic gene markers, consisted of 2% w/v dextrose, 
0.5% w/v ammonium sulfate, 0.17% w/v yeast nitrogen base without amino acids 
and ammonium sulfate, and 0.083% w/v complete supplement mixture lacking 
the auxotrophic metabolite of interest (uracil, tryptophan or leucine). SC plus 
5-fluoroorotic acid (5-FOA) medium was prepared analogously to the SC medium 
recipe and supplemented with 1 mg ml–1 5-FOA51, which was used for the screening 
of ura3– cells. Escherichia coli strain BW25141 (lacIq rrnBT14 ΔlacZWJ16 ΔphoBR580 
hsdR514 ΔaraBADAH33 ΔrhaBADLD78 galU95 endABT333 uidA(ΔMluI)::pir+ recA1) 
was used for yeast plasmid enrichment, and E. coli strains DH5α and 10B (New 
England BioLabs) were used as hosts for Gibson Assembly. E. coli strains were 
cultured at 37 °C in Luria Bertani medium supplemented with 100 μg ml–1 
ampicillin. Supplementary Table 2 lists the strains used in this study.

Plasmid construction. Recombinant plasmids were constructed using DNA 
Assembler52 or Gibson Assembly. The genomic DNA of yeasts needed for PCR 
amplification was extracted using the Wizard gDNA purification kit (Promega). 
Thermo Fisher Scientific FastDigest enzymes were used for restriction digestion, 
and PCR amplifications were performed using Q5 high-fidelity DNA polymerase 
(New England BioLabs). Single-stranded DNA oligos (60–90 nt) for PCR and gBlock 
gene fragments were synthesized by IDT (Coralville). Primers (20 bp) for PCR and 
sequencing were synthesized by the ISU DNA Facility. DNA was separated using gel 
electrophoresis and subsequently purified with the Zymoclean Gel DNA Recovery 
Kit (Zymo Research). Supplementary Note 2 and Supplementary Figs. 11–15 provide 
a detailed summary of plasmid construction and vector maps of the constructs, and 
Supplementary Tables 3–5 list the plasmids and primers used in this study.

For DNA Assembler, the restriction-digested backbone and PCR-amplified/
gBlock fragments were cotransformed by electroporation into S. cerevisiae YSG50 
using a voltage of 0.75 kV mm–1. Transformants were plated on selective plates 
lacking the amino acid corresponding to the auxotrophic selection marker. 
Colonies appeared after 48–72 h at 30 °C. Yeast plasmids were isolated using the 
Zymoprep Yeast Plasmid Miniprep II Kit (Zymo Research) and transformed into 
E. coli BW25141 for enrichment and subsequent downstream applications. For 
Gibson Assembly, the restriction-digested backbone and insert were assembled 
using Gibson Assembly Master Mix (New England BioLabs) according to 
the manufacturer’s protocol, with 4 µl of reaction mixture used for E. coli 
transformation. E. coli plasmids were isolated using the QIAprep Spin Plasmid 
Mini-prep Kit (Qiagen). The constructs were verified by restriction digestion and/
or Sanger sequencing (ISU DNA facility).

Yeast strain culture and transformation. All yeast strains were cultured at 30 °C 
(except for K. marxianus, which was cultured at 37 °C) with shaking at 250 r.p.m. 
All yeast strains in this study were transformed by electroporation as previously 
described52. A voltage of 1.25 V mm–1 was used for all yeast strains, except for S. 
cerevisiae, where 0.75 V mm–1 was used.

Homologous recombination activity assay in yeast. For each yeast strain assayed, 
each of the three biological replicates was cotransformed with two fragments: (1) 
200 ng of a double-digested backbone (disrupting the ORF of GFP) treated with 
alkaline phosphatase to prevent ligation of the compatible ends; and (2) 200 ng of a 
GFP-restoring fragment containing 30-bp homologies flanking the digestion site, 
which was PCR amplified from the analogous plasmid. For S. cerevisiae YSG50, 
pSC-HR-GFP was digested with Eco72I; for S. stipitis UC7, pSS-HR-GFP was 
digested with NcoI; for Y. lipolytica PO1f, pYL-HR-GFP was digested with NcoI; 
and for K. marxianus YS402, pKM-GFP-HR was digested with EcoRI and XhoI. 
Transformed cells were spread on two separate SC-URA plates to prevent lawn 
formation. After 72 h of incubation, GFP-expressing and GFP-null colonies were 
counted visually on each plate using a DR46B transilluminator (Clare Chemical 
Research). To confirm the accuracy of visual discernment between GFP-expressing 
and GFP-null colonies in the counting procedure, plasmids from five 
GFP-expressing and five GFP-null colonies (Supplementary Fig. 16) were isolated, 
transformed and enriched in E. coli and sequenced. For S. cerevisiae, S. stipitis and 
Y. lipolytica, sequencing results confirmed that the five GFP-expressing colonies 
integrated the restoration fragment via homologous recombination and the five 
GFP-null colonies repaired the plasmid by error-prone/random mechanisms.

For K. marxianus, fluorescence intensity was too weak to differentiate 
between GFP-expressing and GFP-null colonies by visual inspection on the 
transilluminator. Alternatively, 100 colonies for each biological replicate were 
randomly selected and cultured in 2 ml of SC-URA for 48 h for subsequent flow 
cytometry analysis. Plasmids from five GFP-expressing and five GFP-null cultures 
were isolated, transformed and enriched in E. coli and sequenced. Sequencing 
results confirmed that the five GFP-null colonies had repaired the plasmid via 
error-prone/random mechanisms. However, sequencing of the five GFP-expressing 
colonies revealed that only three had integrated the restoration fragment by 
homologous recombination. To account for this discrepancy, a factor of 0.6 was 
applied to the percentage of GFP-expressing clones revealed by flow cytometry 
when determining the percentage of K. marxianus clones that had integrated the 
restoration fragment via homologous recombination.

Flow cytometry analysis for quantification of GFP and BFP expression. Cell 
cultures were diluted tenfold with 10 mM PBS (pH 7.4) and analyzed for GFP 
or BFP fluorescence intensity at 488 or 405 nm, respectively, using a FACSCanto 
flow cytometer (BD Biosciences). The fluorescence intensity distribution of 
GFP- and BFP-expressing cells was calculated using BD FACSDiva 8.0.1. Data for 
forward scatter (FSC, photodiode 488/10 bandpass filter) and side scatter (SSC, 
photomultiplier 488/10 bandpass filter) were collected in logarithmic mode using 
instrument voltage settings typical for yeast cell populations. GFP fluorescence 
was excited using a 488-nm laser and emission collected through a 525/50 
bandpass filter; BFP fluorescence was excited using a 405-nm laser and emission 
was collected through a 450/50 bandpass filter. Fluorescence intensities were 
quantitatively measured in logarithmic mode, and values were recorded as mean 
fluorescence intensity for each event. Initial gating to identify yeast cells was based 
on FSC and SSC data analyzed in dual-parameter dot plots, using data from control 
samples containing resuspension buffer only (that is, no yeast cells) to distinguish 
between background/noise and actual yeast cell events. Most background/noise 
events were eliminated by setting a SSC acquisition threshold. Gated yeast cell 
fluorescence data were analyzed in dot plots of SSC versus the relevant fluorescent 
parameter, either GFP (Supplementary Fig. 17) or BFP (Supplementary  
Fig. 18). Distinctions between ‘positive’ and ‘negative’ fluorescence were 
determined by comparing data from untransformed and transformed yeast; data 
from untransformed cells were gated as negative. Using the established negative 
gate as a lower threshold, positive fluorescence in transformed yeast was defined as 
all events outside the negative gate measured as being progressively higher on the 
relevant fluorescent scale.

Growth characterization of S. stipitis strains UC7 and Δku70Δku80. Seed 
cultures of S. stipitis strains UC7 and Δku70Δku80 were grown in either 1 ml of 
YPAD (strains harboring no plasmid) or 1 ml of SC-URA (strains harboring a 
URA3-expressing plasmid) for 24 h to obtain a sufficient density of cells, whilst 
avoiding cellular senescence to minimize lag time effects (the evident linear trends 
from the semilogarithmic transformations beginning at the initial time point 
confirmed negligible lag phases53). Seed cultures were used to inoculate fresh 
cultures to a starting OD600 of ~0.2, which were then cultured in sterile 96-well 
plates containing 200 μl of either YPAD or SC-URA at 30 °C and continuous 
shaking at 205 r.p.m. OD600 was measured every 15 min using a Synergy Eon 
Microplate Spectrophotometer (BioTek) for 72 h.

Comparison of shikimate production by S. stipitis UC7 and Δku70Δku80. Seed 
cultures of S. stipitis strains UC7 and Δku70Δku80 expressing the shikimate pathway 
were grown in 3 ml of SC-URA for 36–40 h. Cultures were diluted into 55-ml 
rimless culture tubes carrying 6 ml of SC-URA supplemented with 4% w/v glucose 
and cultured at 30 °C with shaking at 250 r.p.m. for 120 h. Next, 200 μl of culture 
was pelleted and the supernatant diluted 100-fold with nanopure water. Shikimate 
production was quantified as previously described41, then 50 μl of a solution 
consisting of 0.5% w/v periodate and 0.5% w/v sodium m-periodate was added 
to 100 μl of diluted supernatant and incubated at 37 °C for 45 min. The oxidation 
reaction was quenched with 100 μl of a solution consisting of a 3:2 v/v ratio of 1 M 
NaOH and 56 mM Na2SO3. Absorbance was measured at 382 nm using a Synergy 
HTX multimode reader. Authentic shikimate (Sigma-Aldrich) was used to construct 
a standard curve (5–40 mg l–1) to correlate absorbance to shikimate titer.

hGem tag characterization in S. stipitis via BFP reporting. BFP-URA3 and 
BFP-hGem-URA3 cassettes were constructed via overlap extension PCR. For 
BFP-URA3, a BFP expression cassette and a URA3 expression cassette were PCR 
amplified from pBFP and pARS/CEN5-500bp-GFP, respectively. Amplification of 
the BFP cassette was split into two PCR reactions to append a nuclear localization 
sequence to the C terminus of the BFP ORF as specified by the PCR primers. 
The three individual PCR fragments were fused via overlap extension PCR. To 
construct BFP-hGem-URA3, an analogous workflow was followed, with the 
addition of a fourth fragment, the hGem tag, which was PCR amplified from 
pCashGem-Xyl2.

With no reliable means of precision genome editing at this initial 
stage, we leveraged NHEJ-mediated random integration of BFP-URA3 and 
BFP-hGem-URA3 cassettes to construct individual expression libraries. UC7 was 
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transformed with 200 ng of each fragment in parallel, plated on SC-URA and 
incubated for 72 h. To minimize the influence of different integration loci on BFP 
expression, we performed throughput flow cytometry screening to identify a stable, 
high-BFP-expressing mutant from each library. Colonies from each transformation 
were cultured in 1 ml of YPAD for 24 h and submitted for BFP flow cytometry 
analysis to identify the highest genome-based BFP expression strains, BFP no. 15 
and BFP-hGem no. 28 (Supplementary Fig. 2a).

Intriguingly, during this throughput flow cytometry screening, we observed 
two candidates in the BFP-hGem library that exhibited bimodal expression patterns 
(Supplementary Fig. 2b). These population distributions mirrored those observed 
in cell cycle analysis experiments, whereby fluorescent labeling of DNA yields 
two peaks: one corresponding to cells in G1 (1 C DNA content) and the other 
corresponding to cells in G2/M (2 C DNA content)54. This observation provided a 
preliminary support for the temporal control we sought to establish. To investigate 
hGem-mediated BFP temporal degradation characteristics, 25 colonies of each of 
the two identified high-BFP-expressing clones (that is, BFP no. 15 and BFP-hGem 
no. 28) were cultured for 96 h in 2 ml of YPAD, with OD600 measurement and 
sampling for BFP flow cytometry conducted every 24 h.

Characterization of aberrant recombination events in S. stipitis. pGAOU 
(Extended Data Fig. 3b) was digested with SacI and XhoI to obtain a linear 
cassette containing E. coli Amp and Ori elements flanked by S. stipitis GFP and 
URA3 cassettes (GAOU; the acronyms used in naming of a plasmid or a fragment 
correspond to the first letter of each encoding element). Next, 1.2 μg of the digested 
GAOU fragment was transformed into UC7, plated on SC-URA and incubated 
for 72 h. Colonies expressing GFP were identified using a DR46B transilluminator. 
Ten strongly visibly intense green colonies (Extended Data Fig. 3c) were cultured 
in 3 ml of SC-URA for 36 h and submitted for GFP flow cytometry analysis; 
70% of colonies (7/10) showed broad peaks (Extended Data Fig. 3d), suggesting 
GFP-episomal expression. Five of these strains (nos. 1–4 and 8) exhibiting broad 
peaks were cultured in 3 ml of SC-URA medium to isolate the pseudoplasmids. 
The five isolated yeast plasmids were each transformed into E. coli strain BW25141 
for plasmid enrichment and functional verification (Extended Data Fig. 4). Two 
colonies from each LB + Amp agar plate were randomly selected for plasmid 
isolation and subsequent enzyme digestion verification. The isolated plasmids 
were digested with NdeI and EcoRI, where a two-fragment pattern consisting 
of a 4,038-bp band and a 1,088-bp band corresponds to the product of in vivo 
self-ligation of the digested GAOU fragment (Extended Data Fig. 3b). Three of the 
five broad-peak groups (nos. 1–3) contained larger plasmids, with some unknown 
sequences inserted (the two technical replicates were consistent among each of 
these plasmids; Extended Data Fig. 4b). The two relatively small plasmids from 
nos. 2 and 3 were selected for DNA sequencing to identify the unknown inserted 
sequences. After blasting against the genome sequence of S. stipitis, we determined 
that the inserts from nos. 2 and 3 originated completely from the genome of 
S. stipitis. The insert from no. 2 corresponded to the 5,427-bp region from 
Chr1:1825584–1831010 whereas that from no. 3 corresponded to the 6,013-bp 
region from Chr3:781885–787897 (Extended Data Fig. 4c). To confirm the 
propagative function enabled by the inserted sequences, plasmid nos. 2 and 3 were 
retransformed into UC7. Many colonies appeared on both plates and exhibited 
uniform green fluorescence (Extended Data Fig. 4d), indicating that the inserted 
sequences of nos. 2 and 3 contained an ARS sequence that conferred propagation 
of these plasmids in S. stipitis. The digested GAOU fragment was also transformed 
to strain Δku70Δku80. No colonies were obtained, confirming that the aberrant 
recombination was attributable to NHEJ (Supplementary Fig. 5).

LINEAR CRISPR editing in yeast. CRISPR guide sequences were designed using 
the CHOPCHOP online tool55. LINEAR cassettes were obtained via restriction 
digestion of their associated plasmids. Yeast strains were transformed with 
200–400 ng of a gel-purified fragment, plated on selective medium corresponding 
to the selection marker on the LINEAR fragment and incubated until sizable 
colonies were obtained (~48 h). Colonies were randomly selected and plated 
on YPAD to isolate a pure genotype, filtering out false positives associated with 
extrachromosomal-based selection marker expression. After 36 h of incubation, 
single colonies from the YPAD plate were cultured in liquid YPAD for 24 h for 
gDNA isolation. Loci of interest were PCR amplified and gels visualized using 
Image Lab 5.2.1 (BioRad). The gels used for determination of the reported 
genome-editing efficiencies are summarized in Supplementary Figs. 6–9, with 
unprocessed gel images detailed in Supplementary Figs. 19–22. Purified PCR 
products were sequenced using an Applied Biosystems 3730xl DNA Analyzer 
(Thermo Fisher Scientific) to confirm the desired genome modifications. Primers 
used for verification are listed in Supplementary Table 4.

Selection marker curation for iterative rounds of genome editing. Recovery 
of the URA3 selection marker to permit subsequent genome edits in S. stipitis 
via LINEAR or NHEJ leveraged Cre recombination, adapted from a previous 
procedure41. Strains were transformed with plasmid pJML545 (ref. 56), plated on 
YPAD plus zeocin and incubated for 72 h. Five transformants were inoculated into 
1 ml of YPAX medium and cultured for 24 h to express Cre recombinase driven by 
the XYL1 promoter. Then, 50 µl of each culture was spread on a SC + URA + 5-FOA 

plate and incubated for 96–120 h to isolate a ura3– genotype. One colony from each 
streak was inoculated into 1 ml of YPAD and cultured for 24 h to isolate gDNA for 
confirmation of the desired recombination and removal of URA3 via PCR.

Construction of the NHEJ-mediated expression library. pBSA4-URA3-loxP and 
pGTDN-URA3-loxP were digested with NotI and SgsI to liberate the upstream 
BSA4UloxP and downstream GTDNUloxP expression cassettes, respectively. To 
construct the upstream module expression library, S. stipitis Δaro10:TD*loxP was 
transformed with 6 µg of the linear BSA4UloxP fragment, plated on SC-URA and 
incubated for 120 h; 100 colonies were randomly selected and cultured in 1 ml of 
YPAD for 24 h. Cultures were sent for flow cytometry analysis to identify genomic 
BFP-expressing Ura+ mutants. To construct the downstream module expression 
library, S. stipitis BSA4 loxP 41 was transformed with 3 µg of the linear GTDNUloxP 
fragment, plated on SC-URA and incubated for 120 h. With GFP as the fluorescent 
reporter, 100 GFP+ colonies were identified using a DR46B transilluminator (Clare 
Chemical Research) and cultured in 1 ml of YPAD for 24 h. Cultures were sent for 
flow cytometry analysis to identify genomic GFP-expressing Ura+ mutants.

Quantification of betaxanthin production via biosensing. Screening for 
high-producing betaxanthin mutants in the upstream module library was 
conducted as previously described41. Mutants exhibiting genomic BFP expression 
profiles from flow cytometry analyses were inoculated in 1.5 ml of SC-URA 
medium with an initial OD600 of ~0.1 and grown for 24 h. The OD600 of the cultures 
was measured to normalize the fluorescence intensity of each. In parallel, 200 μl 
of each culture was centrifuged and cell pellets were resuspended in 200 μl of 
10 mM PBS (pH 7.4). The cells were pipetted onto a 96-well, black polystyrene 
plate and their fluorescence intensity measured with a Synergy HTX multimode 
reader (excitation, 485/20 nm; emission, 516/20 nm; gain, 50)39. Fold change over 
background fluorescence was calculated by normalizing the signal to the average 
fluorescence of the control parent strain, S. stipitis Δaro10:TD*loxP.

Quantification of (S)-norcoclaurine production via LC–MS analysis. Screening 
for high-producing (S)-norcoclaurine mutants in the downstream module library 
was conducted as previously described41. Briefly, mutants exhibiting genomic GFP 
expression profiles from flow cytometry analyses were inoculated in 3 ml of SC-URA 
for 48 h. Saturated seed cultures were used to inoculate 6 ml of 2× concentrated 
SC-URA (without glucose), supplemented with 6% glucose and 0.5% l-ascorbic 
acid (Sigma-Aldrich) to mitigate oxidation of (S)-norcoclaurine. After 120 h of 
fermentation, 1 ml of each culture was pelleted and the supernatant was filtered for 
subsequent liquid chromatography–tandem mass spectrometry analysis41.

Nanopore sequencing of (S)-norcoclaurine-producing strains. Sample and 
library preparation. Seed cultures were inoculated into 20 ml of YPAD and grown 
to OD600 ~ 1.0. High-molecular-weight DNA was isolated using Nanobind CBB 
Big DNA and Tissue Big DNA kits (Circulomics) according to the manufacturer’s 
extraction protocol (S. cerevisiae High Molecular Weight DNA Extraction 
Protocol v.0.5a). The presequencing mix was quantified by Qubit (Qubit dsDNA 
BR assay Kit). Each flow cell (no. FLO-MIN106, Oxford Nanopore Technologies) 
was primed according to the manufacturer’s guidelines (kit nos. SQK-LSK109, 
EXP-NBD114). The flow cell was mounted on a GridIONx5 (Oxford Nanopore 
Technologies) for sequencing with the MinNOW v.20.10.6 and Guppy 4.2.3 script.

Genome assembly and elucidation of NHEJ-mediated pathway insertions. 
A detailed methodology is available on Zenodo: https://doi.org/10.5281/
zenodo.5544230. Briefly, the nextflow57 workflow, NanoQCtrim, was used for 
quality control and trimming of the reads. This workflow implements NanoPlot58 
(v.1.32.0) for quality control and trims adapters using Downpore (v.0.3.3). Flye59 
(v.2.8.2-b1691) was used for de novo assembly of each of the sequenced genomes. 
Minimap2 (ref. 60) (v.2.2-r409) was used for all alignments performed in this study. 
The inserted pathway module sequence was aligned to each assembled genome. 
The 10,000-bp sequence upstream of each aligned insert to the assembled genome 
was extracted and then aligned to the reference genome (no. ASM20916v1) to 
identify the insertion location in the reference genome.

The desktop app, re-DOT-able (Babraham Bioinformatics), was used to 
visualize pairwise comparisons between sequences and generate interactive plots. 
Pairwise comparisons between the reference genome and each of the assembled 
genomes were conducted to identify the insertion locations of the pathway 
modules (cross-validated with the alignment method) and to determine whether 
a genome had undergone large-scale rearrangements. To verify the insertion 
locations, each assembly was also plotted against the relevant insert sequences.

Statistics. Statistical analyses and construction of the resultant graphical figures 
were performed using GraphPad Prism v.9.2.0 for Windows (GraphPad Software). 
Results are reported as means ± s.d., with individual data points overlaid. The 
nature of the statistical tests employed is stated in the individual figure legends. 
Statistical significance was determined using a threshold value of P < 0.05.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
Source data are provided for the results presented in Main and Extended Data 
figures. Vectors containing LINEAR constructs for Y. lipolytica, K. marxianus, 
H. polymorpha and S. stipitis are available from Addgene (plasmid nos. 174837–
174840). Raw reads and assembled genome sequences for the final engineered 
norcoclaurine-producing strains have been deposited in NCBI under BioProject ID 
PRJNA753835. Additional data are available from the corresponding author upon 
reasonable request. Source data are provided with this paper.

Code availability
All code used for processing and assembly of genome sequencing reads (along 
with an accompanying method for how the code was implemented) is available on 
Zenodo: https://doi.org/10.5281/zenodo.5544230.
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Extended Data Fig. 1 | Literature survey to determine the most implemented CRISPR platform. A compilation of 400 instances where studies deployed 
CRISPR for genome editing revealed that most researchers implement the conventional CRISPR plasmid and donor DNA Platform I. Studies were identified 
on PubMed using ‘Yeast CRISPR’ and ‘Mammal CRISPR’ in the search query.
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Extended Data Fig. 2 | The shortcomings associated with the conventional CRISPR platforms in S. stipitis. a, The workflow for the conventional CRISPR 
plasmid and donor DNA platform (Platform I in Extended Data Fig. 1) deployed in S. stipitis, depicting various shortcomings our group has encountered that 
impeded obtaining correctly edited cells. b, The vector map of the consolidated ‘self-digesting’ plasmid, pCashGem-SD-Xyl2, highlighting the key design 
components (Platform IV in Extended Data Fig. 1). c, Transformation of UC7 with the pCashGem-SD-Xyl2 plasmid failed to address the shortcomings, with 
almost all the colonies displaying an episomal GFP expression profile.
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Extended Data Fig. 3 | Aberrant recombination characterization in S. stipitis. a, Visual depiction of visibly intense GFP expression and subsequent loss of 
expression b, Vector map of the pGAOU plasmid, harboring the GAOU fragment flanked by SacI and XhoI restriction sites. The digested GAOU fragment 
was transformed into UC7. c, Ten strongly intense green colonies observed under the DR46B transilluminator. d, The GFP expression intensity of the ten 
variants was evaluated by flow cytometry after 36 h of cultivation. Numbers correspond to the mean GFP expression intensity. Among these ten variants, 
only #5, #7, and #9 exhibited genomic expression of GFP (sharp peaks). The gating methodology was summarized in Supplementary Information.
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Extended Data Fig. 4 | Verification of ‘pseudo’ plasmids formed by aberrant recombination events in S. stipitis. a, Transformation of E. coli BW25141 with 
the five plasmids isolated from S. stipitis variants. b, Enzyme digestion verification of pGAOU-X vectors isolated from E. coli DH5α. Lane 1: M, GeneRuler 
1 kb DNA Ladder. Lanes 2 and 3: pGAOU-1 isolates. Lanes 4 and 5: pGAOU-2 isolates. Lanes 6 and 7: pGAOU-3 isolates. Individual restriction digestions 
for each biological sample were performed once. c, Vector maps of the isolated pGAOU-X plasmids. d, Transformation of UC7 with pGAOU-2 and 
pGAOU-3. Plates were observed under a DR46B transilluminator.
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Extended Data Fig. 5 | Design protocol for the LINEAR platform. a, Cloning of individual LINEAR components. b, Assembly of LINEAR components into a 
cloning vector. Digestion and gel electrophoresis of the assembled vector yields the LINEAR fragment used in genome editing.
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Extended Data Fig. 6 | Comparison of the conventional CRISPR platforms versus LINEAR highlights growth deficiency associated with constitutive Cas9 
expression. All platforms utilized hGem tagged-Cas9. Plate pictures were taken at various timepoints post-transformation.
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Extended Data Fig. 7 | Assessing the contribution of the hGem tag on Xyl2:URA3 LINEAR editing efficiency with 500-bp homology arms. a, Equimolar 
quantities of each LINEAR fragment were transformed to S. stipitis UC7. Plate pictures were taken at 48 h post-transformation. Ten colonies were selected 
at random (circled) for downstream analysis. b, The expected edit outcome on Xyl2 locus. c, PCR products obtained from the primer pair in b using the 
genomic DNA isolated from the colonies circled in a as templates. Individual PCR reactions for each biological sample were performed once. d, Sequencing 
of the amplicon associated with Cas9 #4 revealed an erroneous insertion of the donor template at the 5’ end of Xyl2.
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Extended Data Fig. 8 | Assessing the contribution of the hGem tag on Xyl2:URA3 LINEAR editing efficiency with 50-bp homology arms. a, Equimolar 
quantities of each LINEAR fragment were transformed to S. stipitis UC7. Plate pictures were taken at 48 h post-transformation. Ten colonies selected at 
random (circled) for downstream analysis. Note that GFP cassette was placed in between sgRNA cassette and the donor DNA as a negative reporter to 
assess aberrant recombination. The colonies with strong GFP expression levels were false positives. b, The expected edit outcome on Xyl2 locus and the 
intact locus. c, PCR products obtained from the primer pair in b using the genomic DNA isolated from the colonies circled in a as templates. Individual PCR 
reactions for each biological sample were performed once. d, Sequencing of the amplicons associated with Cas9-hGem #10 and Cas9 #6 confirmed the 
presence of the intact wild type Xyl2. e, Sequencing of the amplicon associated with Cas9 #2 revealed an erroneous insertion of the donor template along 
with a portion of the upstream region of the LINEAR fragment.
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Extended Data Fig. 9 | Assessing the contribution of the hGem tag on Xyl2:GSAU LINEAR editing efficiency. a, Equimolar quantities of each LINEAR 
fragment were transformed to S. stipitis UC7. Plate pictures were taken at 48 h post-transformation. Ten colonies that displayed genomic GFP expression as 
visualized on transilluminator selected (circled) for downstream analysis. Slightly different from the design used to achieve Xyl2:URA3 LINEAR editing with 
50-bp homology arms, GFP cassette was included in the donor DNA as a positive reporter. b, PCR analysis of the 5’ end of the Xyl2 locus. Due to the large 
size of the inserted pathway, two reactions were designed to assess the nature of integration at each 500-bp homology arm. PCR products were obtained 
from the primer pair using the genomic DNA isolated from the colonies circled in a as templates. Individual PCR reactions for each biological sample were 
performed once. c, PCR analysis of the 3’ end of the Xyl2 locus. Individual PCR reactions for each biological sample were performed once. d, Sequencing 
of the amplicon associated with Cas9 #9 revealed an erroneous insertion of the downstream portion of the donor template at the 3’ end of Xyl2. Wild type 
stands for a ~100-bp sequence originating from the wild type Xyl2 locus between the upstream and the downstream homology arms.
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Extended Data Fig. 10 | Pathway map depicting the aromatic amino acid pathway and the de novo synthesis of (S)-norcoclaurine. a, Glycolysis and the 
pentose phosphate pathway (PPP) channel carbon fluxes into the aromatic amino acid (AAA) pathway. Shikimate can serve as a reporter for assessing 
AAA pathway flux. Tkt1, Aro4*, Aro1, and Aro7* comprise the four-enzyme, upstream L-tyrosine precursor module. The red lines depict L-tyrosine 
feedback inhibition on the native Aro4 and Aro7 enzymes. b, (S)-betalamic acid, a product of the biosensing module of TyrH* and DOD, spontaneously 
condenses with endogenous amino acids to produce yellow pigmented betaxanthins. c, TyrH*, DODC, and NCS comprise the three-enzyme, 
downstream (S)-norcoclaurine module. Metabolite abbreviations: G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; 
DAHP, 3-deoxy-D-arabino-heptulosonate 7-phosphate; DHQ, 3-dehydroquinic acid; DHS, 3-dehydroshikimate; S3P, shikmate-3-phosphate; EPSP, 
5-enolpyruvylshikimate-3-phosphate; L-DOPA, L-3,4-dihydroxyphenylalanine; 4-HPAA, 4-hydroxyphenylacetaldehyde. Enzyme abbreviations: Tkt1, 
transketolase; Aro4*, DAHP synthase feedback inhibition-resistant mutant (Aro4K220L); Aro1, pentafunctional Aro1 polypeptide; Aro1*, Aro1 mutant 
(Aro1D900A) with the shikimate kinase domain inactivated, enabling shikimate accumulation; Aro7*, chorismate mutase feedback inhibition-resistant 
mutant (Aro7G139S); TyrH*, tyrosine hydroxylase mutant (TyrHW13L, F309L) from Berberis vulgaris with low L-DOPA oxidase activity; DOD, L-DOPA dioxygenase 
from Mirabilis jalapa; DODC, L-DOPA decarboxylase from Pseudomonas putida; NCS, norcoclaurine synthase from Papaver somniferum.
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