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ABSTRACT: We broadened the usage of DNA transposon
technology by demonstrating its capacity for the rapid creation
of expression libraries for long biochemical pathways, which is
beyond the classical application of building genome-scale knockout
libraries in yeasts. This strategy efficiently leverages the readily
available fine-tuning impact provided by the diverse transcriptional
environment surrounding each random integration locus. We
benchmark the transposon-mediated integration against the
nonhomologous end joining-mediated strategy. The latter strategy
was demonstrated for achieving pathway random integration in
other yeasts but is associated with a high false-positive rate in the
absence of a high-throughput screening method. Our key innovation of a nonreplicable circular DNA platform increased the
possibility of identifying top-producing variants to 97%. Compared to the classical DNA transposition protocol, the design of a
nonreplicable circular DNA skipped the step of counter-selection for plasmid removal and thus not only reduced the time required
for the step of library creation from 10 to 5 d but also efficiently removed the “transposition escapers”, which undesirably
represented almost 80% of the entire population as false positives. Using one endogenous product (i.e., shikimate) and one
heterologous product (i.e., (S)-norcoclaurine) as examples, we presented a streamlined procedure to rapidly identify high-producing
variants with titers significantly higher than the reported data in the literature. We selected Schef fersomyces stipitis, a representative
nonconventional yeast, as a demo, but the strategy can be generalized to other nonconventional yeasts. This new exploration of
transposon technology, therefore, adds a highly versatile tool to accelerate the development of novel species as microbial cell
factories for producing value-added chemicals.
KEYWORDS: genome integration, nonconventional microbes, Hermes transposon, nonhomologous end joining, shikimate,
(S)-norcoclaurine

The advancement of metabolic engineering and synthetic
biology in the past two decades has enabled manipulation

of microorganisms as cell factories for the production of
various value-added specialty chemicals from inexpensive
feedstock, many of which have applications in the pharma-
ceutical, nutraceutical, cosmetic, and food industries.1,2 The
construction of an efficient production strain requires many
optimization steps but, nevertheless, starts from assembling the
pathway from both native and heterologous biocatalysts to
establish initial production. If an amenable model micro-
organism (e.g., Escherichia coli or Saccharomyces cerevisiae) is
selected as a production host, a pathway can be built in an
episomal plasmid or integrated into the genome; if a non-
model host (also known as a nonconventional host)3 is
selected, for which stable episomal vectors are not readily
available, the strategy of integrated expression remains
prevalent. Recently, interest has shifted toward tailoring host
selection to target products, desired feedstock, and/or
preferred fermentation conditions. Many previously underutil-

ized species, such as Rhodosporidium toruloides,4−6 Schef ferso-
myces stipitis,7,8 and Kluyveromyces marxianus,9,10 have received
unprecedented attention owing to their unique biochemical
and physiological features including lipogenesis, C5 sugar
assimilation, and thermotolerance. However, the toolkit for
effectively manipulating these seemingly advantageous hosts is
incomplete, and our knowledge of phenotype-genotype
correlations in these species is insufficient. These barriers
prevent the development of non-model hosts from meeting
commercialization criteria.
Genome integration approaches have shifted from leveraging

endogenous chromosomal double-strand breaks (DSBs)
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repaired by either homologous recombination11,12 or exoge-
nously introduced recombinase13−17 to the widespread usage
of the Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-Cas (CRISPR-associated) systems to
enhance the probability of a DSB occurring at a target
locus.18−20 However, it is time-consuming to identify a
favorable locus for balanced pathway expression and optimal
production outcome. Transcription is dependent on “chromo-
somal position effect”,21 which is generally a result of
integration into either the accessible euchromatin regions or
the relatively packed heterochromatin regions. An expression
cassette located in different genomic regions undergoes
different levels of transcriptional regulation based on the
accessibility to the transcription factors and the dramatically
different levels of local transcriptional competition. Studies in
E. coli,22,23 S. cerevisiae,24,25 and other organisms26−28 have
demonstrated that expression levels of a translocated native
gene (i.e., α-galactosidase) and foreign genes (i.e., fluorescent
reporter proteins) inserted at different loci could vary by ∼2-
to 300-fold.
Many nonconventional microorganisms, especially eukary-

otic microbes, rely on nonhomologous end joining (NHEJ) to
repair chromosomal DSBs, which poses severe problems for
achieving precise genome modifications. This gap-connecting
mechanism has been exploited to rapidly create expression
libraries carrying both the pathway and the selection marker
integrated at multiple loci (Figure 1a), and this random
integration significantly influences the productivity of the
strain.27,29,30 However, this method has a high false-positive
rate, with many transformants carrying only the selection
marker and not the intended pathway (see Results section). In
the absence of a high-throughput screening method,
identification of functional variants is still laborious.

Transposases recognize terminal inverted repeats (TIRs)
and facilitate translocation of the enclosed DNA from a donor
site to a receiver site. This feature has been commonly used for
creating insertion-mutagenesis and transgenesis libraries.31,32

The Hermes transposon (HTn), a hAT (i.e., hobo from
Drosophila, Ac from maize, and Tam3 from snapdragon)
family member, isolated from the housefly Musca domestica,33

has been introduced into the genomes of S. cerevisiae,34

Yarrowia lipolytica,35 and Schizosaccharomyces pombe36 for
functional genomics studies. Although the insertion sites of
HTn are not totally random, favoring 5′-nTnnnnAn-3′ sites in
nucleosome-free regions,34,36−38 the massive abundance of
such sites allows for sufficient quasi-random coverage. For
instance, on average, insertions occurred every 24 bp in
intergenic and every 98 bp in intragenic regions in Y. lipolytica,
as well as every 29 bp in nonrepetitive regions in the genome
of S. pombe. It will be highly valuable to evaluate the usages of
HTn and NHEJ to create integrated expression libraries and
characterize the false-positive rates.
S. stipitis is considered an important yeast in the field of

biorenewables due to its high native capacity for xylose
utilization, which is essential for the economic lignocellulose
bioconversion.39 Many studies have focused on isolating
xylose-assimilating enzymes and transporters from this species
and expressing them in model hosts to improve their
conversions of xylose, the second most-abundant sugar present
in biomass.40−42 With a 13C-metabolic flux analysis (13C-
MFA), a previous study has indicated that erythrose 4-
phosphate (E4P) is the rate-limiting precursor in the
biosynthesis of shikimate in S. cerevisiae.43 Considering that
xylose is assimilated through the pentose phosphate pathway
(PPP), the more active PPP in S. stipitis can elevate the E4P
level and thereby ultimately increase the production of

Figure 1. Schematic illustration of the NHEJ and HTn-mediated random integration methods. (a) For the NHEJ-mediated integration, a linear
integrable fragment containing the target gene or pathway expression cassettes flanked by the GFP and URA3 cassettes is transformed into the host
strain. Only a portion of the transformants growing on the SC-URA agar medium are GFP+, since the rest only have URA3 integrated. The GFP+

colonies are inoculated into the liquid SC-URA medium, and their GFP expression profiles are evaluated by flow cytometry. This step is used to
remove the false positives that express GFP in a nonintegrated manner. The transformants confirmed to harbor the integrated GFP are
subsequently tested for the production of the target product by high-performance liquid chromatography (HPLC), LC/MS, or colorimetric
analysis. (b) For the HTn-mediated integration, a nonreplicable circular DNA molecule consisting of Hermes transposase and TIR-flanked GFP-
target pathway-loxP-URA3-loxP fragment is transformed into the host, and the rest of the steps share the same protocol with the NHEJ-mediated
method if only one round of transposition is performed. (c) If iterative integration is desired, all the clones appearing on the SC-URA plate are
pooled as a library. The integrated URA3 marker is then removed by Cre-loxP recombination followed by 5-FOA counter-selection. The resulting
library is ready for next-round transpositional integration. To facilitate the screening, a new fluorescence protein (e.g., BFP) could be optionally
incorporated in the transposable element to replace GFP in the second round of integration. Flow cytometry is used to identify GFP+BFP+

integrants. The usage of multiple fluorescence markers is not a design requirement due to the high efficiency of the HTn-mediated integration.
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shikimate,8 suggesting that it is a high-potential platform host
to produce shikimate pathway derivatives, including many
kinds of flavonoids and alkaloids with important pharmaceut-
ical and nutraceutical properties.44−47 Here, selecting S. stipitis
as an exemplary nonconventional yeast with an entirely
dominant NHEJ mechanism, we demonstrated a streamlined
HTn-mediated methodology for rapid identification of variants
producing the endogenous product shikimate and the
heterologous product (S)-norcoclaurine at high levels.

■ RESULTS
NHEJ-mediated Integration Is Easily Accomplished

but Has a High False-positive Rate. We chose S. stipitis as
the target host to represent the group of nonconventional
yeasts that utilize NHEJ as the dominant mechanism to repair
chromosomal DSBs. It has been shown that the precise
genome editing efficiency of S. stipitis is less than 1% with the
inherent homologous recombination (HR) mechanism and as
low as 16% with the assistance of CRISPR-Cas9, unless the
genes responsible for NHEJ were disrupted.48,49 However,
NHEJ, a potent but error-prone mechanism for DSB repair,
can be leveraged for random genome integration and
expression library construction. To investigate the efficiency
of NHEJ, we designed a linear G-U fragment (4.2 kb)
containing the GFP reporter and the URA3 selection marker
expression cassettes and transformed it into a S. stipitis FLP-
UC7 strain that contains an auxotrophic mutation in the URA3
gene (hereafter the strain is labeled as SS ura−). The

transformation efficiency reached 677 cfu/μg DNA, but only
25% of the plated colonies exhibited green fluorescence
(Figure 2a). Forty green colonies were selected for
quantification of GFP expression levels by flow cytometry.
Of the 40, only 12 colonies displayed a sharp, uniform peak,
similar to that of the control strain (which carried a single copy
of the GFP gene integrated into the XYL1 locus) (Figure 2b
real positive). The other 28 colonies had broad GFP
expression peaks, which were presumably caused by the in
vivo self-assembly of the G-U fragment with a genome-
originating autonomously replicating sequence (ARS);50 a
similar expression profile has been previously observed in a
strain transformed with an unstable plasmid that contains an
ARS and misses a plasmid-stabilizing centromeric element
(Figure 2b false positive).49 The efficiency of G-U genomic
integration was therefore calculated to be 7.5%. The GFP
intensity of the 12 integration strains showed a broad range
from 0.4- to 18-fold of that expressed by the control strain
integrated with a single-copy GFP gene (Figure 2c).
Despite the high false-positive rate, the NHEJ-mediated

random integration is a readily usable method for pathway
integration, resulting in a wide range of transcriptional levels,
which could be used to screen for high-level production of
valuable chemicals. It has been previously shown that the more
active pentose phosphate pathway associated with the native
xylose assimilation capacity of S. stipitis provides a higher
carbon flux toward erythrose 4-phosphate (E4P),51 the rate-
limiting precursor of the shikimate pathway.43 Increased E4P

Figure 2. A linear fragment containing the expression cassettes of GFP and URA3 was transformed into the strain SS ura− to achieve NHEJ-
mediated random integration. (a) The transformation and integration efficiency. G-U fragment (1.2 μg) was electroporated into strain SS ura−

using a voltage of 1.5 kV/mm, and 812 colonies were obtained on average per transformation. (b) The distinct GFP expression profiles revealed by
flow cytometry correspond to two different groups of GFP+ clones growing on the SC-URA plate. The image was taken under a darker reader
transilluminator. The blue peak represents the population without GFP expression, and the green peak represents the population with GFP
expression. The width of the green peak indicates the variation of GFP expression among the cells. The strain SS ura− carrying a single-copy GFP
gene integrated into the XYL1 locus was used as the GFP+ integration control. The strain SS ura− expressing GFP in an episomal ARS plasmid was
used as the negative control. (c) The GFP expression intensity of the SS ura− variants with randomly integrated G-U fragment was evaluated by
flow cytometry after 24 h of cultivation. “C” represents the GFP+ integration control strain containing a single-copy GFP gene integrated into the
XYL1 locus.
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availability enables S. stipitis to produce substantially more
shikimate than S. cerevisiae.8 The minimal set of enzymes
accounting for shikimate accumulation consists of trans-
ketolase (Tkl), the feedback inhibition-insensitive mutant of
3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) syn-
thase (Aro4K220L), and the pentafunctional aromatic enzyme
mutant with an inactivated shikimate kinase domain
(Aro1D900A) that enables shikimate accumulation (Figure
3).52−54 A linear G-SA-U fragment (14.9 kb, enclosing the
shikimate pathway between the GFP and URA3 expression
cassettes) was transformed into strain SS ura− with a
transformation efficiency of 248 cfu/μg DNA (Figure 4a).
Of the plated colonies, 13% exhibited green fluorescence; of
those, 60% carried the integrated GFP gene as verified by flow
cytometry. Further investigation of these URA+GFP+ inte-
grants showed that the majority of them (92%) could produce
shikimate. The efficiency of random integration of the G-SA-U
pathway was therefore calculated to be ∼7.2%, consistent with
the efficiency of integrating the G-U fragment. No trans-
formants were obtained when the linear G-SA-U fragment was
transformed into the SS ura− ku70Δku80Δ strain, in which the
NHEJ mechanism was disrupted,48 indicating that random
integration was indeed mediated by NHEJ in S. stipitis.
Fifteen strains confirmed to carry the integrated G-SA-U

were randomly picked to evaluate shikimate production after a

5 d fermentation (Figure 4b). The titers varied by 7.7-fold,
ranging from 0.44 ± 0.01 to 3.4 ± 0.1 g/L. The highest
producer, strain SA1, was selected to test the stability of
pathway expression. Twenty colonies were randomly selected
from the restreaked SA1 and compared with a control strain
that carries the same shikimate fragment by a previously
reported episomal plasmid.8 Shikimate production via the
integrated pathway was substantially more stable than the
production by the episomal expression plasmid, which varied
dramatically among the clones, likely as a result of plasmid
instability (Figure 4c). Furthermore, GFP expression did not
correlate with shikimate production, indicating that GFP could
only be used to facilitate the screening of potential integrants
(Figure 4b). Additionally, this confirms the notion that
selecting a predetermined locus for heterologous pathway
expression is tedious and ineffective, as a higher level of
transcription does not necessarily equate to an increased
pathway flux presumably due to the imbalanced gene
expression in a multistep pathway. Integration by NHEJ
occurs randomly at different loci, each presenting a distinct
transcriptional environment. This strategy therefore automati-
cally creates a fine-tuning mechanism to screen for expression
balancing in multigene pathways and thus high production
levels.

Figure 3. Schematic representation of the shikimate pathway (upstream native module), the (S)-norcoclaurine biosynthetic pathway
(downstream heterologous module), and the L-tyrosine sensing module. The minimal set of the shikimate pathway consists of three enzymes,
including Tkl, Aro4K220L, and Aro1D900A. The de novo biosynthesis of (S)-norcoclaurine requires the overexpression of four enzymes in the upstream
module and heterologous expression of two plant-sourced enzyme variants (TyrHW13L, F309L and NCS) and one bacterium-originating enzyme
(DODC). The dashed line indicates the feedback inhibition of Aro7 posed by L-tyrosine. The L-tyrosine-sensing module contains betaxanthin
pathway, which harbors TyrHW13L, F309L and DOD. Abbreviations of metabolites: 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; DA, dopamine; 4-HPAA, 4-
hydroxyphenylacetaldehyde. Enzymes: PPP, pentose phosphate pathway; Tkl, transketolase; Aro4*, feedback inhibition-insensitive mutant
(Aro4K220L) of DAHP synthase; Aro1, pentafunctional aromatic enzyme; Aro1*, Aro1 mutant (Aro1D900A) with the shikimate kinase domain
inactivated; Aro7*, feedback-resistant chorismate mutase variant (Aro7G139S); TyrH*, tyrosine hydroxylase mutant (TyrHW13L, F309L) from Berberis
vulgaris with a low L-DOPA oxidase activity; DOD, L-DOPA dioxygenase fromMirabilis jalapa; DODC, L-DOPA decarboxylase from Pseudomonas
putida; NCS, norcoclaurine synthase from Papaver somniferum.
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HTn-mediated Random Integration of the Shikimate
Pathway using a Nonreplicable Circular Molecule. The
NHEJ mechanism results in a low pathway integration
efficiency; the majority of the transformants appearing on
SC-URA plates are only guaranteed to carry a functional URA3
gene. Even in the small subset of the transformants that are
both URA3+ and GFP+, many clones are non-integrants. To
address these issues, we sought to implement a DNA
transposon-mediated integration strategy and compare it with
the NHEJ-mediated integration. To date, integration of a large
biosynthetic pathway using the former method has been
demonstrated in bacteria,56−59 but, surprisingly, an analogous
concept has not been adapted for yeasts.
Our design was based on the HTn system that has been used

to study gene essentiality in yeasts.34−36 In these studies, the
Hermes transposase was expressed via a plasmid carrying a
selection marker (e.g., URA3) on the plasmid backbone, with
another selection marker (e.g., LEU2, NatMX, or KanMX6)
flanked by TIRs (Figure 5a). The transformants were selected
on the corresponding selection plates, and a secondary 5-
fluoroorotic acid (5-FOA) counter-selection was applied to
remove clones containing the plasmid in the subsequent step.
However, many “transposition escapers” surviving from both
selections dominated as false positives. In our study in S.

stipitis, the percentage of transposition escapers reached 79%,
presumably because the SC-LEU condition cannot differ-
entiate integrated expression versus episomal expression of
LEU2.
To overcome this barrier, we designed a nonreplicable

circular DNA molecule for S. stipitis. The Hermes transposase
expression cassette was assembled with the TIR-flanked G-SA-
U fragment and other helper elements using a DNA assembler
method reported previously.60−62 The circular molecule was
built in S. cerevisiae as a plasmid via homologous recombina-
tion and transformed into E. coli for plasmid enrichment. As
there is no replicating element (i.e., ARS) specific to S. stipitis
in the transformed molecule, the transposition escapers were
automatically removed. Therefore, only one selection marker
was needed, and the cells that underwent transposition were
identified in a single round of selection (Figure 5b). Moreover,
using a circular molecule as a carrier potentially reduced the
interference from the NHEJ-mediated integration, which has
been reported to act preferentially on linear DNA.63

To evaluate the integration efficiency, the nonreplicable
circular molecule cHTn-GSAU (G-SA-U fragment flanked by
TIRs) and two control circular molecules (either lacking the
transposase or one side of the TIRs) were transformed into the
SS ura− strain in parallel (Figure 1b). The percentage of GFP-

Figure 4. A linear DNA fragment containing the shikimate pathway flanked by the expression cassettes of GFP and URA3 was transformed
into strain SS ura− to achieve random pathway integration via NHEJ. (a) The transformation and integration efficiency. G-SA-U DNA fragment
(1.2 μg) was electroporated into strain SS ura− using a voltage of 1.5 kV/mm, and 297 colonies were obtained on average per transformation. The
percentage of integrated GFP was calculated based on multiplication of the percentage of GFP-expressing colonies in total and the percentage of the
confirmed genome integration based on flow cytometry of the GFP expression profile. The number shown inside each bar indicates the average
total number of observed colonies belonging to each group per transformation of 1.2 μg of DNA. (b) Shikimate production and normalized GFP
expression intensity of the SS ura− variants carrying the randomly integrated G-SA-U fragment after 120 h of cultivation. Error bars indicate mean
± standard deviation (s.d.) of three biological replicates. (c) Comparison of the shikimate production between integrated expression and plasmid
expression in the strain SS ura− after 120 h of cultivation. SA1: the highest producer was restreaked, and 20 colonies were randomly selected; pSA:
20 colonies were picked from the streaked strain SS ura− carrying the shikimate pathway in a CEN/ARS plasmid, whose stability was already
improved significantly over the previous ARS plasmid.49,55 Error bars indicate the mean ± s.d. of 20 biological replicates.
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expressing colonies observed in the cHTn-GSAU group was
43%, in sharp contrast to the low percentage (∼1%) of GFP-
expressing colonies observed in the controls (Figure S1),
indicating that GFP expression was likely obtained via
transpositional integration. To further confirm whether they
were true integrants, GFP+URA+ colonies were randomly
selected for the measurement of shikimate production and
GFP expression. As verified by flow cytometry, 97% of the
GFP-expressing clones turned out to carry the integrated GFP
gene, and all of these integrants produced shikimate (Figure
6a). The cHTn-GSAU library generated a 20-fold range of
shikimate titers (Figure S2). Fermentation of the top 10 high-
production variants confirmed that all produced shikimate at
titers higher than that of the best producer SA1 created by the
NHEJ-mediated integration, among which the maximum titer
reached 5.8 ± 0.2 g/L (Figure 6b). Consistently, GFP intensity

failed to correlate with the production level, emphasizing that
GFP can only be used for the initial round of screening. On the
basis of these results, the circular HTn-based platform had an
integration efficiency of 42% (i.e., 43% × 97% × 100%), which
is 2-fold and 5.5-fold of that obtained with the plasmid-based
HTn platform (Figure 5a) and that obtained with the NHEJ-
mediated random integration, respectively (Figure 4a).
Furthermore, while 40% of GFP+URA+ transformants obtained
by transforming the linear G-SA-U fragment were not true
integrants, the colonies isolated from the circular HTn-based
integration platform had a false positive rate of only 3%.
Therefore, the nonreplicable circular DNA platform stream-
lined the single-step library creation and the significantly
increased integration efficiency indicated the feasibility of using
HTn for the integration of more complex biosynthetic
pathways. With the same amount of screening effort, the low

Figure 5. Comparison of the traditional transposition protocol and the new design based on a nonreplicable circular DNA molecule. (a) The
traditional design reported in the previous studies.34−36 A plasmid consists of a Hermes transposase expression cassette, TIR-flanked transposable
target region containing a selection marker (e.g., LEU2), ARS, and CEN (the elements required for plasmid replication and stable segregation in the
host), and a second selection marker URA3 for subsequent plasmid removal. The transposition efficiency was calculated based on the ratio of the
colony numbers on SC-LEU+5-FOA and YPAD plates. The usage of a replicable plasmid causes the appearance of many transposition escapers,
because the SC-LEU condition cannot differentiate integrated expression vs episomal expression of LEU2. (b) The improved design relies on a
nonreplicable circular molecule, which does not contain ARS and CEN specific to S. stipitis, and only uses one selection marker. Only the cells that
undergo transposition can propagate on the SC-URA medium, thus reducing the number of transposition escapers and shortening the experiment
protocol.

Figure 6. The transposition efficiency of cHTn-GSAU in the SS ura− strain and the shikimate production by the variants carrying the
randomly integrated shikimate pathway. (a) The transformation and transposition efficiency. cHTn-GSAU (1.2 μg) was electroporated into
strain SS ura− using a voltage of 1.8 kV/mm, and 940 colonies were obtained on average per transformation. (b) Shikimate production by the SS
ura− variants that underwent transpositional insertion of the G-SA-U fragment. The top 10 shikimate producers were selected from 40 variants
(summarized in Figure S2), and their shikimate production levels were retested after 120 h of fermentation with three biological replicates. SA1, the
best producer created based on NHEJ-mediated integration, was used as a benchmark.
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false-positive rate increased the probability of identifying high-
producing variants.
Identification of Knockout Variants Suitable for

Producing Benzylisoquinoline Alkaloids. Shikimate, a
committed precursor in the aromatic amino acids biosynthesis,
serves as a reporter for assessing flux toward aromatic amino
acids. Considering that S. stipitis enables a higher flux toward
the shikimate pathway, we proceeded to explore its potential to
produce higher-value products downstream from the aromatic
amino acids. As proof of concept, (S)-norcoclaurine, the
entrance molecule to the synthesis of the diverse family of
compounds named benzylisoquinoline alkaloids (BIAs), was
selected as the target. BIAs are L-tyrosine-derived, specialized
plant secondary metabolites with many potent pharmacological
properties. Currently, exemplary compounds, such as the
anticancer agent sanguinarine,64 the cough suppressant
noscapine,65 the analgesics morphine and codeine,44 and the
anti-atherosclerosis agent magnoflorine,66 have all been derived
from (S)-norcoclaurine. Its biosynthesis starts with the
decarboxylation and hydroxylation of L-tyrosine to 4-
hydroxyphenylacetaldehyde (4-HPAA) and L-3,4-dihydroxy-
phenylalanine (L-DOPA), respectively, under the catalyzation
of tyrosine decarboxylase and hydroxylase. Subsequently, (S)-
norcoclaurine is formed through the condensation of 4-HPAA
and dopamine (converted from L-DOPA by L-DOPA
decarboxylase) under the catalyzation of norcoclaurine
synthase67−69 (Figure 3). A de novo (S)-norcoclaurine
biosynthetic pathway consists of an upstream module that
includes four endogenous proteins and a downstream
heterologous module that includes three heterologous
proteins. Overexpression of the four yeast proteins leads to
an increased accumulation of L-tyrosine: DAHP synthase
(Aro4K220L) and chorismate mutase (Aro7G139S) are two
mutants insensitive to aromatic amino acid feedback
inhibition;54,70 transketolase (Tkt1) and the pentafunctional
aromatic enzyme (Aro1) are usually overexpressed to increase
the availability of the precursor of E4P and thus the flux toward
the shikimate pathway.8,71 The three heterologous proteins are
the tyrosine hydroxylase variant (TyrHW13L, F309L) from
Berberis vulgaris (reported to have a low L-DOPA oxidase
activity to avoid the draining of L-DOPA69), L-DOPA
decarboxylase (DODC) from Pseudomonas putida,72 and
norcoclaurine synthase (NCS) from Papaver somniferum.69

Despite the capabilities of nonconventional hosts to
outperform model hosts in certain aspects, our knowledge of
phenotype-genotype relationships in nonconventional mi-

crobes is limited. Prior to introducing the two modules of
the (S)-norcoclaurine pathway, we used the HTn technology
to create a knockout library for screening of host strains
carrying unknown knockouts beneficial to (S)-norcoclaurine
biosynthesis. The screening relied on the conversion of L-
DOPA to the yellow pigment betaxanthin via L-DOPA
dioxygenase (DOD), which was developed for S. cerevisiae
(Figure 3).69,73 A S. stipitis version of the sensor plasmid
(named pUra-TyrH*-DOD) was constructed and transformed
into the SS ura− strain. Uniformly yellow colonies were directly
observed on the SC-URA plate.
A plasmid pHTn-Leu expressing Hermes transposase and

the TIR-flanked LEU2 was transformed into the uracil and
leucine double auxotrophic strain S. stipitis FLP-UC7 leu2Δ
(hereafter the strain is labeled as SS ura− leu−), which was
created by introducing 7 bp indel mutations to LEU2 of the
strain SS ura− using CRISPR technology.48,49 Transformants
on SC-LEU agar plates were collected as a pool and diluted
onto SC-LEU agar plates supplemented with 5-FOA. Colonies
grown on the SC-LEU+5-FOA plates were pooled again,
rediluted, and spread onto new SC-LEU+5-FOA agar plates.
The 5-FOA-resistant colonies were collected to generate a
transposon-mediated mutagenesis library G0. Subsequently,
the sensor plasmid pUra-TyrH*-DOD was transformed into
the library G0. Colonies with higher yellow intensity were
inoculated into SC-LEU-URA medium, and betaxanthin
fluorescence was measured by a microplate reader after 48 h
of cultivation (Figure 7a). A 10-fold variation in fluorescence
was observed among the selected colonies, and the majority of
them produced more betaxanthin than the SS ura− strain
transformed with the sensor plasmid as a control. The top two
mutants, namely, BX-1 and BX-2, were selected for further
analysis. To avoid the selection of false positives (e.g.,
mutations occurring in TyrH* or DOD that happened to
lead to higher betaxanthin fluorescence), the sensor plasmid
was removed by applying 5-FOA counter-selection, and the
resulting cells were retransformed with the freshly prepared
sensor plasmid. Ten colonies were transferred from the same
transformation plate to liquid medium, and betaxanthin
fluorescence was measured again (Figure 7b). Although
variation among the ten colonies was relatively large, the
average production levels of BX-1 and BX-2 both surpassed
that of the control strain. We speculated that the large
variations were a result of using the plasmid-born sensor
considering that the S. stipitis plasmid is not as stable as the
ones used in S. cerevisiae. We elected not to proceed with site-

Figure 7. Development of an L-tyrosine sensor and screening for the mutants with a higher flux in the upstream module. (a) The knockout
variants from the transpositional insertion library produced betaxanthin at different levels when transformed with the sensor plasmid. Fluorescence
values were normalized to the autofluorescence of a negative control strain (strain SS ura− transformed with a plasmid expressing just DOD). “C”
represents the parental SS ura− strain transformed with the sensor plasmid. (b) A secondary measurement to confirm a higher flux in the upstream
module in the top two variants BX-1 and BX-2. Ten transformants were randomly selected for each variant. Error bars indicate mean ± s.d. of 10
biological replicates.
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specific integration of TyrH* and DOD into the genomes of
BX-1 and BX-2, because the easy removal of the plasmid-born
sensor made the strains ready for execution of the HTn-
mediated (S)-norcoclaurine pathway integration.
Combining Hermes Transposon and Cre-loxP for Iterative

Integration of the (S)-Norcoclaurine De Novo Biosynthetic
Pathway. With the removal of the sensor plasmid, the BX-1
and BX-2 mutants were renamed strains Tyr-1 and Tyr-2
(considering that the product was not betaxanthin anymore).
To randomly integrate the (S)-norcoclaurine pathway, we
designed two systems: Design I combined all seven genes into
one 22.5-kb piece flanked by the GFP and URA3 expression
cassettes and the TIRs; Design II split the 16.6 kb upstream
module (GFP, TKL, aro4K220L, ARO1, aro7G139S, and URA3)

from the 8.8 kb downstream module (BFP, TyrHW13L, F309L,
DODC, NCS, and URA3). We conjectured that Design I would
probably result in lower transposition efficiency, but the
integration could be done in a single step. Design II might not
only generate a larger expression library to be screened; in
addition, placing the two modules into different transcriptional
environments would also increase our ability to fine-tune the
entire pathway. Unsurprisingly, the nonreplicable circular
module cHTn-GNCU (30.9 kb including the backbone)
containing the entire (S)-nococlaurine pathway only led to 2−
3 cfu/μg DNA, which was possibly caused by the reduced
transposition and transformation efficiencies of DNA larger
than 20 kb.

Figure 8. Iterative integration of the (S)-norcoclaurine biosynthetic pathway using a combination of HTn and Cre-loxP recombination. (a)
The production of (S)-norcoclaurine by the variants created by transpositional integration of the upstream and downstream modules into the
strains Tyr-1 and Tyr-2. (b) The (S)-norcoclaurine production levels and the growth curves of the top five high-titer variants screened from the
UpDown-1 and UpDown-2 libraries. “C” represents the negative control, which is the SS leu− ura− strain containing an empty plasmid pSsLeuUra.
Error bars indicate mean ± s.d. of three biological replicates. (c) LC-MS/MS analysis of (S)-norcoclaurine in the supernatant of strain NC-22 after
120 h. Fermentation was performed in 2X selective synthetic medium supplemented with 6% glucose and 0.5% L-ascorbic acid. Red boxes indicate
the five signature [M+H]+ ions of the (S)-norcoclaurine standard ([m/z] 272.1, 255.1, 161.0, 143.0, and 107.0).
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As the strains Tyr-1 and Tyr-2 only contained one
auxotrophic selection marker URA3 to be used, to implement
Design II, we used a Cre-loxP plasmid, which has been
previously utilized for marker rescue in S. stipitis74 (this marker
rescue step can be skipped in future studies if the host is a
multi-auxotrophic strain). Two circular molecules, namely,
cHTn-GSA4U-loxP and cHTn-BTDNU-loxP, were con-
structed, each with the URA3 selection marker flanked by
two loxP sites. The “G” and “B” in cHTn-GSA4U-loxP and
cHTn-BTDNU-loxP refer to GFP and BFP, respectively. The
molecule cHTn-GSA4U-loxP was transformed into the strains
Tyr-1 and Tyr-2 in parallel, and then the colonies surviving on
the SC-LEU-URA plates were pooled (Figure 1c). The
integrated URA3 gene was then removed by transforming
the plasmid pJML545 expressing Cre recombinase, and the
resulting libraries were named Up-1 and Up-2. Subsequently,
cHTn-BTDNU-loxP containing the downstream module was
transformed into these two libraries to generate libraries
UpDown-1 and UpDown-2, and then the cells underwent
selection on SC-LEU-URA plates. BFP and GFP were used to
screen for the strains in which both modules were integrated.
This strategy yielded 73% (24/33) and 46% (12/26)
GFP+BFP+ colonies in the two libraries, and all of these
clones were confirmed to include both modules and produce
the product (Figure S3). The production of (S)-norcoclaurine
was found to vary from 1.4 to 73 μg/L in the UpDown-1
library and from 1.6 to 59 μg/L in the UpDown-2 library in the
initial screening (Figure 8a). The five highest-producing strains
were selected to retest their titers and growth rates (Figure
8b). The results indicated that the growth of the selected
strains was not significantly disturbed by the integration of the
pathway; the best producing strain, NC-22, produced 97 ± 6
μg/L (S)-norcoclaurine using glucose as the substrate after 120
h of fermentation (Figure 8c).

A significant accumulation of dopamine was observed during
the product detection, which was consistent with the previous
study that reported significant decrease in titers from
dopamine (∼25 mg/L) to (S)-norcoclaurine (∼100 μg/L) in
S. cerevisiae.69 There were also studies that selected NCS
homologues12,69,75 and increased NCS copy number12 to
improve the conversion efficiency of the NCS-catalyzed
reaction. In these studies, the best producer could produce
50−60 μg/L of (S)-norcoclaurine de novo with a single-copy
integration of the NCS gene from Sanguinaria canadensis or
Nandina demestica using 4% sucrose as a substrate; expressing
additional three copies of NCS further increased the titer of
(S)-norcoclaurine to ∼130 μg/L in S. cerevisiae. To confirm
that NCS is the bottleneck in S. stipitis, we proceeded with
another round of transpositional integration of NCS based on
the top producer NC-22 strain after removing URA3 using Cre
recombinase. The production of (S)-norcoclaurine by the
resulting NC-22-NCS variants varied from 8.4 to 278 μg/L in
the initial round of screening (Figure 9a), and 9 of 29
transformants yielded higher titers compared to the starting
strain NC-22. The top-eight producers were then subjected to
the second round of verification with three biological
replicates. Five of them robustly produced (S)-norcoclaurine
at titers at least twofold of that produced by NC-22 (Figure
9b). The highest production reached 308 ± 25 μg/L after 120
h of fermentation, which is threefold of the titer previously
achieved in S. cerevisiae (105 μg/L using glucose as the
substrate).69

We further analyzed the copy number of integration
achieved by the HTn strategy using quantitative polymerase
chain reaction (qPCR). The ARO1 and NCS genes were
selected for the quantification of the upstream and downstream
modules, respectively. The results showed that all five strains
identified from the UpDown libraries contained a single-copy
ARO1 and one- to two-copy NCS, with the top two high-

Figure 9. The third round of HTn-mediated integration targeting the rate-limiting norcoclaurine synthase NCS led to the identification of
significantly improved variants. (a) The (S)-norcoclaurine production by the variants created by transpositional integration of cBNU-loxP in the
NC-22 strain. (b) Verification of the (S)-norcoclaurine production levels and the growths of the top five high-titer variants screened from the NC-
22-NCS library. Error bars indicate mean ± s.d. of three biological replicates.
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production variants (i.e., NC-22 and NC-50) containing two-
copy NCS (Figure 10). It is interesting to point out that, even
with the same copy number, the (S)-norcoclaurine production
levels in NC-22 and NC-50 differed by 45%, supporting the
strong impact of a transcriptional environment on the pathway
expression. The other five variants derived from the strain NC-
22 and yielding higher titers were verified to contain three-
copy NCS, indicating that NCS is indeed the rate-limiting step
for the production of (S)-norcoclaurine. Our results demon-
strated the simplicity and the efficiency of the HTn-mediated
genome integration strategy for identifying high-performance
strains.

■ DISCUSSION

Despite the rapidly increasing interest in expanding the current
collection of microbial production hosts, significant technology
hurdles still lay ahead. Tracing the path of E. coli and S.
cerevisiae research development, researchers recognize clearly
that stable expression platforms and precise genome-editing
tools are needed as the foundational technologies for any new
species. S. stipitis was previously demonstrated as a potentially
better-suited host than S. cerevisiae for producing derivatives of
the shikimate pathway, which was attributed to the highly
active pentose phosphate pathway in S. stipitis.8,45 We
previously developed a centromere/autonomous replicative
sequence (CEN/ARS)-based low-copy plasmid49,55 and

Figure 10. Copy-number analysis of ARO1 (upstream module) and NCS (downstream module) in 10 variants that produced (S)-
norcoclaurine at high titers. The five variants on the left were identified from the UpDown-1 and UpDown-2 libraries, and the other five variants
on the right were identified from the NC-22-NCS library.

Table 1. Summary of Genomic Integration Methods for Expressing Multi-gene Pathways in Microbial Hostsa

principles strategies description of genomic integration references

recombinase-
mediated

RAGE mediated by Cre recombinase 59-kb gene cluster containing alginate utilization and ethanol production pathways in E.
coli

13

CRAGE by transposon and Cre
recombinase

48-kb putative biosynthetic gene cluster in E. coli 14

λ-red recombinase-based system 50-kb fragment amplified from Bacillus subtilis genomic DNA, divided into seven
fragments (each 6−7 kb), and sequentially integrated into E. coli genome in seven
rounds

15

MSGE mediated by single integrase and
multiple attB sites

5-copy 67-kb pristinamycin II biosynthetic gene cluster in Streptomyces pristinaespiralis
(two rounds)

16

aMSGE mediated by five orthogonal site-
specific recombination systems

4-copy 72-kb 5-oxomilbemycin biosynthetic gene cluster in Streptomyces hygroscopicus
(two rounds)

17

CRISPR/Cas9 Di-CRISPR 18-copy 24 -kb pathway containing xylose utilization and 2,3-butanediol production
pathways in S. cerevisiae

19

CRISPR-Cas 24 -kb muconic acid pathway, divided into six fragments, and integrated into three loci
in S. cerevisiae

18

CRISPR-assisted 10-kb isobutanol production pathway in E. coli 20
inherent genetic
mechanism

HR 14.5-kb fragment in KU70-deficient Yarrowia lipolytica 76

NHEJ 12.5-kb fragment containing pyruvic carboxylase and fumaric reductase expression
cassettes in Y. lipolytica

27

transposon-
mediated

MycoMar transposon 58-kb epothilone gene cluster in Myxococcus xanthus 56

MycoMar transposon 56-kb epothilone gene cluster in Burkholderiales strain 58
MycoMar transposon 21-kb coronafacic acid gene cluster in Pseudomonas putida 59
TREX and yTREX mediated by Tn5
transposon

22-kb prodigiosin pathway in P. putida 57,77

Hermes transposon 14.9-kb shikimate pathway and 22.5-kb (S)-norcoclaurine pathway in S. stipitis this study
aNotes: RAGE, recombinase-assisted genome engineering; CRAGE, chassis-independent recombinase-assisted genome engineering; MSGE,
multiplexed site-specific genome engineering; aMSGE, advanced multiplex site-specific genome engineering; Di-CRISPR, delta integration
CRISPR-Cas; HR, homologous recombination; NHEJ, nonhomologous end joining; TREX, transfer and expression of biosynthetic pathways;
yTREX, yeast recombinational cloning-enabled pathway transfer and expression tool.
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CRISPR editing tool48 for this species. However, when a
complex pathway was expressed using this CEN/ARS episomal
plasmid, the productivity from a single genotype background
was not satisfactorily stable (varying from 1.2 to 4.0 g/L, as
illustrated by the shikimate example, Figure 4c). Note that the
stability of this CEN/ARS episomal plasmid had already been
significantly improved over the previous ARS plasmid that was
missing a CEN sequence. If the genome is the preferred
pathway carrier, when we engineer a nonconventional species,
the genome integration locus of the pathway is an important
consideration, especially considering the paucity of the
knowledge regarding integration hotspots and genotype-
phenotype correlations in a new species.
To tackle this issue, we evaluated two distinct mechanisms

to achieve random pathway integration and expression library
creation in yeasts. Table 1 summarizes the commonly used
strategies for large pathway integration in both bacteria and
yeasts. CRISPR technology, heterologous recombinases, and
HR are the three main mechanisms used to achieve site-
specific integration. In addition, to make full use of different
transcriptional environments present in a given genome, the
NHEJ strategy was implemented to integrate the β-carotene
pathway into the genome of Y. lipolytica, with high-production
strains identified based on the orange intensity of the
product.27 Despite the ease of exploiting this inherent
mechanism to create an expression library, in the absence of
a directly visible phenotype, the high false-positive rate
significantly influences the efficiency of identifying interesting
variants. In our study, integration of the G-U fragment via
NHEJ resulted in merely 25% of the plated colonies that
presented a GFP+ phenotype. On the one hand, this is because
this dominant homology-independent mechanism does not
guarantee the incorporation of anything except a functional
URA3 expression cassette into a chromosomal DSB. On the
other hand, if we view the receiver DNA (i.e., the genome) and
the donor DNA (e.g., the G-U fragment) with reversed roles, a
URA+ phenotype could also be rendered by the G-U fragment
(now as a receiver) that grabs an ARS-like element from the
genome (now as a donor) and circularizes with it. This
secondary group of false-positive clones represented as much
as 70% of all the GFP+URA+ clones. The hypothesis of
circularization was made on the basis of GFP expression
profiles, which largely mimicked the expression profile of the
strain containing an unstable ARS episomal plasmid (Figure
2b). Our previous study demonstrated that a plasmid
containing a replicating signal but missing a segregation signal
(given by CEN) could not be stably segregated to an offspring
cell during cell division, which causes a heterogeneous plasmid
distribution and a large variation in GFP expression.49

In addition to the NHEJ-mediated integration in Y. lipolytica,
researchers have also developed a CRISPR-derived strategy
(named Di-CRISPR) to target the redundant delta sequences
scattered in the S. cerevisiae genome to integrate a 24-kb
combined xylose utilization pathway and a 2,3-butanediol
pathway with multiple copies.19 Unfortunately, such a strategy
could not be easily applied to the vast majority of the
nonconventional yeasts, as these species do not have sufficient
HR machinery to simultaneously seal the numerous
chromosomal incisions introduced by Cas9.
For reasons unknown, random integration of pathways in

yeasts has not benefited from the success of transpositional
delivery of large natural product gene clusters to heterologous
bacteria, such as Myxococcus xanthus, Burkholderiales sp., and

Pseudomonas putida.56−59 The concepts from these studies,
taken with the functional genomics studies in yeasts,34−36

made the creation of a transposon-based pathway integration
method straightforward, requiring only the modification of
enclosing the target pathway and selection marker by TIRs
(Figure 5). Unexpectedly, this attempt resulted in a high false-
positive rate in the initial screen as well. After plasmid curing
and second-step verification, we determined that 79% of the
transformants appearing on the first selection plate had
escaped transposition. To streamline the method and reduce
false positives, we modified the initial design to create a
nonreplicable circular DNA molecule that used only one
selection marker, skipped the plasmid elimination step, and
significantly shortened the library creation step to just 5 d.
When GFP+URA+ was used as the screening filter, 97% of the
GFP+URA+ clones were found to carry the enclosed shikimate
pathway; the equivalent percentage was only ∼55% (i.e., 60% ×
92%) when NHEJ-mediated integration was used. We also
noticed that the number of colonies dramatically decreased as
the size of the transposable pathway increased. On the one
hand, we had to split the 22.5 kb (S)-norcoclaurine pathway
into two modules and apply a two-step transposition protocol
to generate enough production variants. On the other hand,
the splitting allowed for independent fine-tuning of each
module; the iterative integration strategy was also useful for
increasing the copy number of the gene encoding the rate-
limiting step to further enhance the productivity.

■ CONCLUSION
We broadened the usage of DNA transposition beyond the
classical application of building genome-scale knockout
libraries in yeasts by demonstrating its capacity for rapid
creation of pathway expression libraries. This strategy
efficiently leverages the readily available fine-tuning impact
provided by the diverse transcriptional environment surround-
ing each random integration locus. Using one endogenous
product and one heterologous product as examples, we
demonstrated that the nonreplicable circular platform not
only offered the highest integration efficiency but also the most
streamlined procedure. This new exploration of HTn therefore
adds a highly versatile tool to accelerate the development of
novel species as microbial cell factories for producing value-
added chemicals.

■ MATERIALS AND METHODS
Strains and Media. The S. stipitis FLP-UC7 strain (ura3−

3, NRRL Y-21448)78 was gifted from Dr. Thomas W. Jeffries,
professor emeritus from the University of Wisconsin-Madison.
S. stipitis FLP-UC7 leu2Δ was derived from S. stipitis FLP-UC7
by introducing indel mutations (7 bp deletion) to LEU2 using
a previously reported genome editing protocol.49 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. Yeast strains were cultured at 30 °C in
YPAD, YPAX, YPAD plus zeocin, or synthetic complete (SC)
dropout medium. YPAD or YPAX medium contains 1% yeast
extract, 2% peptone, 0.01% ademine hemisulfate, and 2%
dextrose or xylose. YPAD plus zeocin medium was prepared
based on the YPAD medium supplemented with 100 μg/mL
zeocin, and the pH was adjusted to 7.5 using 1 M NaOH. SC
dropout medium lacking uracil, leucine, or tryptophan and
consisting of 0.17% yeast nitrogen base without amino acids
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and ammonium sulfate, 0.5% ammonium sulfate, 0.083%
synthtic complete drop out mix, and 2% dextrose was used to
select transformants containing the corresponding auxotrophic
gene. SC plus 5-FOA medium was prepared based on the SC
medium receipe and supplemented with 1 mg/mL 5-FOA,79

which was used for the screening of ura− cells. The E. coli strain
BW25141 (lacIq rrnBT14 ΔlacZWJ16 ΔphoBR580 hsdR514
ΔaraBADAH33 ΔrhaBADLD78 galU95 endABT333 uidA(ΔMluI)::-
pir+ recA1) was used for plasmid enrichment. The E. coli strain
DH5α (New England BioLabs) was used as the host for
Gibson Assembly. The E. coli strains were grown at 37 °C in
Luria broth (LB) medium with 100 μg/mL ampicillin added
for plasmid selection. Strains used in this study are summarized
in Table 2.

Plasmid Construction and Transformation. Recombi-
nant plasmids were constructed using the DNA assembler
approach60−62 or Gibson Assembly (New England BioLabs).
The genomic DNA of S. stipitis FLP-UC7 was extracted using
the Wizard genomic DNA purification kit (Promega) and used
as polymerase chain reaction (PCR) templates to amplify the
DNA fragments of URA3, LEU2, ARO7, promoters, and
terminators. The linear GFP-URA3 fragment was obtained via
amplification from the plasmid pRS-GU. pGSAU was
constructed via assembling pRS414 linear backbone, the GFP

and URA3 expression cassettes, and the fragment carrying the
shikimate pathway obtained from the pSA7.3 plasmid
previously reported8 using the DNA assembler approach.
The linear G-SA-U cassette was obtained by digesting the
pGSAU plasmid using NotI and XhoI (Thermo Fisher
Scientific). Hermes transposase was codon-optimized by
GenScript according to the codon preference of S. stipitis
and cloned under the control of the ENO1 promoter. Hermes
expression cassette and the transposed LEU2 expression
cassette flanked by the Hermes TIRs35 were assembled into
a URA3-marked ARS/CEN5−750 bp plasmid backbone to
generate the donor plasmid pHTn-Leu for transposon-
mediated mutagenesis. Two transposition-negative control
plasmids were derived from the pHTn-Leu plasmid, including
pHTn-NT containing TIR-flanked LEU2 but lacking trans-
posase and pHTn-NR containing the transposase but lacking
the TIR on the right side of the LEU2 cassette. cHTn-GSAU
was constructed by assembling the Hermes transposase
cassette, the G-SA-U fragment flanked by the TIRs, and the
pRS414 linear backbone using the DNA assembler approach.
Another two negative controls, namely, cHTn-SA-NT (no
transposase) and cHTn-SA-NR (no TIR on the right side),
were yielded based on cHTn-GSAU. “c” stands for “circular”.
Because of the lack of replication element specific to S. stipitis,
these circular DNA molecules cannot be propagated in S.
stipitis. However, they contain the replication/segregation
elements and the selection markers for both S. cerevisiae and E.
coli in the backbones and, therefore, can be propagated as
plasmids in these two hosts.
To construct the (S)-norcoclaurine biosynthetic pathway,

TKT1, aro4K220L, ARO1, and aro7G139S were amplified from S.
stipitis FLP-UC7 genomic DNA, and the genes TyrHW13L, F309L,
DODC, and NCS were codon-optimized and synthesized
(GenScript). Subsequently, all seven expression cassettes were
assembled into the digested cHTn-GSAU, replacing the
enclosed shikimate pathway by the (S)-norcoclaurine pathway
to form the cHTn-GNCU plasmid. In parallel, the molecules
cHTn-GSA4U-loxP and cHTn-BTDNU-loxP were con-
structed by replacing the GSAU transposed region of cHTn-
GSAU with GSA4U-loxP and BTDNU-loxP, respectively.
Yeast transformation was performed using an electroporation
method,62 and a voltage of 0.75 kV/mm was used for S.
cerevisiae, whereas a higher voltage of 1.5, 1.8, or 2.5 kV/mm
was used for S. stipitis. All the plasmids are summarized in
Table 3, and the maps for the main constructs are summarized
in Figure S4.

Screening for the Strains with Integrated GFP or BFP.
Colonies transformed with a linear fragment or a nonreplicable
circular DNA molecule containing the GFP gene were checked
using a DR46B transilluminator (Clare Chemical Research).
The visibly green colonies were randomly selected and
cultured in 3 mL of SC-URA or SC-LEU-URA medium at
30 °C with a constant shaking at 250 rpm for 36−48 h.
Saturated cultures were diluted into 3 mL of fresh medium
with an initial OD600 of 0.2−0.3 and then were continuously
grown with shaking for 48 h. Cells sampled at 24 or 40 h were
diluted by 10 times into 10 mM phosphate-buffered solution
(PBS) (pH 7.4) and analyzed for GFP or BFP fluorescence
intensity at 488 or 405 nm using a FACSCanto flow cytometer
(BD Biosciences). The fluorescence intensity distribution of
GFP- or BFP-expressing cells was calculated using BD
FACSCanto Clinical Software.

Table 2. Strains Used in This Study

strains genotype or relevant features refs

E. coli
BW25141

lacIq rrnBT14 ΔlacZWJ16 ΔphoBR580 hsdR514
ΔaraBADAH33 ΔrhaBADLD78 galU95 endABT333
uidA(ΔMluI)::pir+ recA1

43

E. coli DH5α fhuA2::IS2Δ(mmuP-mhpD)169 ΔphoA8 gln X44
Φ80d[ΔlacZ58(M15)] rfbD1 gyrA96 luxS11
recA1 endA1 rphWT thiE1 hsdR17

NEB
strain

S. cerevisiae
YSG50

MATα, ade2−1, ade3Δ22, ura3−1, his3−11,15,
trp1−1, leu2−3,112, can1−100

43

SS ura− S. stipitis FLP-UC7 ura3−3, NRRL Y-21448 78
SS ura− leu− S. stipitis FLP-UC7, leu2Δ this

study
SS ura−
ku70Δku80Δ

S. stipitis FLP-UC7, ku70Δku80Δ 48

SS ura−-GFP SS ura−, xyl1::egfp this
study

pSA SS ura− harboring pSA7.3 plasmid 8
SA1 SS ura− carrying NHEJ-mediated random

integration of the G-SA-U fragment
this
study

SS ura−-pDOD SS ura− harboring pUra-DOD plasmid this
study

SS ura−-pTD SS ura− harboring pUra-TyrH*-DOD plasmid this
study

SS ura−-pLU SS ura− harboring pSsLeuUra plasmid this
study

SS ura− leu−-
pLU

SS ura− leu− harboring pSsLeuUra plasmid this
study

BX-1 Library harboring pUra-TyrH*-DOD plasmid
and HTn-mediated random insertion of LEU2

this
study

BX-2 Library harboring pUra-TyrH*-DOD plasmid
and HTn-mediated random insertion of LEU2

this
study

Tyr-1 Library harboring HTn-mediated random
insertion of LEU2

this
study

Tyr-2 Library harboring HTn-mediated random
insertion of LEU2

this
study

NC-22 S. stipitis variant carrying the integrated one-copy
GSA4 and two copy BTDNU-loxP

this
study

N-29, N10,
N17, N14,
and N25

S. stipitis variants carrying the integrated one-copy
GSA4, two-copy BTDN, and another copy of
BNU-loxP

this
study
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To analyze the correlation between shikimate production
and GFP expression intensity among the S. stipitis variants with
randomly integrated G-SA-U fragment, the total GFP
fluorescence intensity was analyzed using a Synergy HTX
multimode reader (BioTek) at an excitation of 485 nm and an
emission of 516 nm with a gain of 85. The sample (100 μL)
was collected after 120 h of cultivation and placed into a 96-
well black polystyrene plate (Fisher Scientific) for measuring
fluorescence intensity, which was then normalized to the cell
OD600.
Shikimate Production in S. stipitis. The S. stipitis

variants confirmed to carry the integrated shikimate pathway
were inoculated into 3 mL of SC-URA medium and grown
with shaking for 36−40 h. Cultures were diluted into 55 mL
rimless culture tubes carrying 6 mL of fresh SC-URA medium
supplemented with 4% glucose and grown at 30 °C with
shaking at 250 rpm for 120 h. Culture (200 μL) was pelleted,
and the supernatant was diluted 100-fold into water. Shikimate
production was quantified using a previously reported
spectrophotometric assay.80 Briefly, 100 μL of diluted
supernatant was oxidized with 50 μL of a solution consisting
of 0.5% periodic acid and 0.5% sodium m-periodate, and this
mixture was incubated at 37 °C for 45 min. Subsequently, the
reaction was quenched with 100 μL of a solution consisting of
1 M NaOH and 56 mM Na2SO3 (3:2 ratio, v/v), and the
absorbance was measured at 382 nm using a Synergy HTX
multimode reader. Shikimate was quantified on the basis of a
calibration curve using authentic shikimate (Sigma-Aldrich) as
a standard at concentrations ranging from 5 to 40 mg/L.
Hermes Transposition and Knockout Library Con-

struction in S. stipitis. The uracil and leucine double
auxotrophic strain S. stipitis FLP-UC7 leu2Δ (also containing
ura3−3) was used for Hermes transposition. Plasmid pHTn-

Leu or the negative control plasmids pHTn-NT and pHTn-NR
were transformed into this strain. After 5 d of incubation on
the SC-LEU agar plates, transformants were collected as a
pool, diluted 104-fold, spread on the SC-LEU agar plates
supplemented with 5-FOA, and incubated at 30 °C for another
4−5 d. Colonies grown on the SC-LEU+5-FOA plates were
pooled, separately rediluted with the same order of magnitude,
and spread onto the YPAD and SC-LEU+5-FOA agar plates to
calculate the transposition efficiency. All the cells survived on
YPAD, whereas only the ones that contained the integrated
LEU2-marked transposon and lost the URA3-marked pHTn-
Leu plasmid survived on SC-LEU+5-FOA medium. The
transposition efficiency was calculated as the ratio of the
colony number on SC-LEU+5-FOA to the colony number on
YPAD (Figure S5). The 5-FOA-resistant colonies were
collected to generate a random transposon-mediated muta-
genesis library (G0), which was built on S. stipitis FLP-UC7-
leu2Δ (the strain was named SS ura− leu− in the Results
section).

Measurement of Betaxanthin Production. Single
colonies were grown for 36−40 h in the SC-URA medium at
30 °C with shaking at 250 rpm. Saturated cultures were
subsequently diluted into fresh SC-URA medium with an
initial OD600 of 0.2−0.3. After the cultures grew with shaking
at 30 °C for 24 h, 200 μL of culture was spun down, and the
collected cells were resuspended in 10 mM PBS (pH 7.4). The
cells were transferred to a 96-well black polystyrene plate and
measured for fluorescence intensity using Synergy HTX
multimode reader (excitation: 485/20 nm, emission: 516/20
nm, gain: 50).69 The fold change over the background
fluorescence was calculated by normalizing the signal to the
average fluorescence of the control strain SS ura− transformed

Table 3. Plasmids Used in This Study

plasmids features references

pRS-GU GFP-URA3 cassettes in pRS414 backbone this study
pSA7.3 TKT1-aro4K220L-aro1D900A cassettes, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone 8
pGSAU GFP-SA-URA3 cassettes in pRS414 backbone this study
pJY3919 Hermes transposon plasmid designed for Yarrowia lipolytica 35
pHTn-Leu ENO1p-Hermes-TEF1t cassette, TIRs flanking LEU2, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone this study
pHTn-NT TIRs flanking LEU2, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone this study
pHTn-NR ENO1p-Hermes-TEF1t cassette, one-sided TIR flanking LEU2, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone this study
cHTn-
GSAU

ENO1p-Hermes-TEF1t cassette and TIRs flanking GFP-SA-URA3 cassette for S. stipitis in pRS414 backbone this study

cHTn-SA-
NT

TIRs flanking GFP-SA-URA3 cassette for S. stipitis in pRS414 backbone this study

cHTn-SA-
NR

ENO1p-Hermes-TEF1t cassette and one-sided TIR flanking GFP-SA-URA3 cassette for S. stipitis in pRS414 backbone this study

cHTn-
GNCU

ENO1p-Hermes-TEF1t cassette and TIRs flanking GFP-NC-URA3 cassettes in pRS414 backbone (NC contains the expression cassettes
for TKT1, aro4K220L, ARO1, aro7G139S, TyrHW13L, F309L, DODC, and NCS)

this study

pUra-
TyrH*-
DOD

OLE1p-TyrHW13L, F309L-GLN1t, sGLN1p-DOD-sTDH2t, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone this study

pUra-DOD sGLN1p-DOD-sTDH2t cassette, CEN/ARS, and URA3 marker for S. stipitis in pRS414 backbone this study
cHTn-
GSA4U-
loxP

ENO1p-Hermes-TEF1t cassette and TIRs flanking GFP-SA4-URA3-loxP cassettes for S. stipitis in pRS414 backbone (SA4 contains the
expression cassettes for TKT1, aro4K220L, ARO1, and aro7G139S; URA3 is flanked by loxP sequences)

this study

cHTn-
BTDNU-
loxP

ENO1p-Hermes-TEF1t cassette and TIRs flanking BFP-TDN-URA3-loxP cassettes for S. stipitis in pRS414 backbone (TDN contains the
expression cassettes for TyrHW13L, F309L, DODC, and NCS; URA3 is flanked by loxP sequences)

this study

cHTn-BNU-
loxP

ENO1p-Hermes-TEF1t cassette and TIRs flanking BFP-NCS-URA3-loxP cassettes for S. stipitis in pRS414 backbone this study

pJML545 XYL1p-Cre-XYLt, TEF1p-ble-XYL2t, and ARS for S. stipitis 74
pSsLeuUra LEU2, URA3, and CEN/ARS for S. stipitis in pRS414 backbone this study
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with the plasmid pDOD (the sensor plasmid with TyrH*
removed) cultured in SC-URA medium.
Screening for High-performance Variants with a

High Flux toward L-Tyr. L-Tyrosine sensor plasmid pUra-
TyrH*-DOD was transformed into the G0 library described
above using a voltage of 1.5 kV/mm. Approximately 846
transformants appeared on the SC-LEU-URA plates after 5−7
d of cultivation. The plated colonies with various yellow
intensities were visually compared. The ones with higher
intensities were restreaked onto fresh SC-LEU-URA plates and
grown at 30 °C for another 3 d. The most intensely yellow
colonies, compared to the control strain SS ura− carrying pUra-
TyrH*-DOD streaked on the same plate, were picked and
inoculated into 2 mL of SC-LEU-URA medium supplemented
with 2% glucose. After they were shaken for 36−48 h, the
saturated cultures were diluted into fresh medium with an
initial OD600 of 0.2−0.3, and the cultivation continued for
another 24 or 48 h. The de novo production of betaxanthin was
quantified by a microplate reader as described above.
To confirm the stability of high-producing variants BX-1 and

BX-2 screened from the library, the pUra-TyrH*-DOD
plasmid containing the URA3 marker gene was removed by
culturing the cells in SC-LEU+5-FOA medium. After 40−48 h
of growing, cultures were transferred to the fresh SC-LEU+5-
FOA medium, and the pUra-TyrH*-DOD plasmid was
retransformed. Ten yellow colonies were randomly selected
for both strains and plated onto fresh SC-LEU-URA plates.
The betaxanthin production was analyzed as described above.
Construction of the (S)-Norcoclaurine Production

Library by Iterative Genome Integration and Selection
Marker Curation. After the removal of the sensor plasmid,
the resulting two strains Tyr-1 and Tyr-2 were used for (S)-
norcoclaurine biosynthetic pathway integration. cHTn-
GSA4U-loxP containing the upstream module was first
transformed to Tyr-1 and Tyr-2 in parallel using a voltage of
1.8 kV/mm, and the cells were plated on the SC-LEU-URA
medium. After 5 d of cultivation at 30 °C, all the transformants
were collected as a pool and diluted to an OD600 of 0.2 in 250
mL baffled shake flasks containing 50 mL of SC-LEU-URA
medium. pJML545 plasmid74 containing a zeocin selection
marker (encoded by Sh ble) and Cre recombinase under the
control of the XYL1 promoter was electroporated into the
libraries. Cells were plated on YPAD plus zeocin medium and
cultured for 3 d. All the surviving transformants were
subsequently pooled and diluted into 5 mL of YPAX medium
to an initial OD600 of 0.2 to induce the expression of Cre
recombinase. Cells were grown for 24 h to simultaneously
remove the URA3 marker and the pJML545 plasmid without
the supplementation of zeocin. Lastly, cultures were diluted
onto the SC-LEU+5-FOA plates, and the ura− colonies were
obtained after 5−6 d of cultivation, resulting in the library Up-
1 and Up-2.
To ensure that the URA3 marker was completely removed

from both libraries, cells were cultured in SC-LEU+5-FOA
medium prior to the second transformation of the downstream
module carried by cHTn-BTDNU-loxP. Voltages of 1.8 and
2.5 kV/mm were used for library creation to improve the
transformation efficiency. After 5−6 d of cultivation, two
libraries UpDown-1 and UpDown-2 were obtained for (S)-
norcoclaurine biosynthesis. 2.5 kV/mm yielded more colonies
on the plates than 1.8 kV/mm.
(S)-Norcoclaurine Production and Analysis. Colonies

were inoculated into 3 mL of SC-URA or SC-LEU-URA

medium with 2% glucose and grown at 30 °C with shaking at
250 rpm for 24−36 h. Saturated cultures were diluted into 55
mL rimless culture tube containing 6 mL of fresh 2X selective
SC medium supplemented with 6% glucose and 0.5% L-
ascorbic acid (Sigma-Aldrich) to prevent (S)-norcoclaurine
oxidation. The cells were grown at 30 °C with shaking at 250
rpm for 120 h. One milliliter of culture was pelleted, and the
supernatant was filtered and stored at −80 °C for subsequent
analysis by liquid chromatography-mass spectrometry (LC-
MS/MS).
Ten microliters of each culture supernatant was analyzed on

an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS with a
ZORBAX Eclipse Plus C18 reversed-phase column (2.1 × 100
mm, 1.8 μm, Agilent Technologies) at 40 °C using a 0.4 mL/
min flow rate for separation and detection. Solvent A was water
added with 0.2% (v/v) formic acid, and solvent B was
acetonitrile added with 0.2% (v/v) formic acid. The samples
were eluted with the following protocol: 0% B at 0−3 min, to
100% B at 10 min, maintaining 100% B at 11 min, and
dropping to 0% B at 13 min, followed by 3 min of post-
acquisition equilibration. The system was run in a positive
electrospray (ESI+) mode with a fragmentor voltage of 150 V.
The (S)-norcoclaurine parent ion [M + H]+ was observed and
isolated with an m/z value of 272.1 at a retention time of 3.3
min. Quantification was performed via LC-MS/MS by
monitoring the m/z signal of 107.049 fragmented from the
parental ion with the m/z of 272.1 at a collision energy of 23 V.
LC-MS/MS data were quantified using Agilent MassHunter
Quantitative Analysis (version 10.0), and the integrated LC-
MS/MS peak areas were quantified using a seven-point (S)-
norcoclaurine (Sigma-Aldrich) calibration curve with a
concentration ranging from 12.5 to 400 μg/L.

Measurement of the S. stipitis Growth. The high-
performance variants for the production of (S)-norcoclaurine
were cultured in SC-LEU-URA medium at 30 °C and 250 rpm
for 24−36 h. Saturated cultures were diluted to an OD600 of
0.2 and cultured in sterile 96-well plates containing 200 μL of
2X selective synthetic medium SC-LEU-URA supplemented
with 6% glucose and 0.5% L-ascorbic acid at 30 °C with
continuous shaking at 205 rpm. OD600 were measured every 15
min using a Synergy Eon Microplate Spectrophotometer
(BioTek) for a period of 96 h. The growth of the SS leu− ura−

strain transformed with plasmid pSsLeuUra (only carrying the
LEU2 and URA3 selection markers) was measured simulta-
neously as a control to evaluate the impact of (S)-
norcoclaurine on cell growth.

Gene Copy Number Assay. The copy numbers of the
ARO1 and NCS genes in the (S)-norcoclaurine high producers
were determined using quantitative PCR. Cells were cultured
in SC-LEU-URA medium at 30 °C and 250 rpm for 40−48 h.
Three milliliters of cells were collected, and the genomic DNA
was extracted using a Wizard genomic DNA purification kit
(Promega). Primers were designed for three genes: ARO1 was
used to quantify the upstream module, NCS was used to
quantify the downstream module, and XYL1 was used as an
internal reference. Primer sequences are listed in Table S1.
Twenty microliters of reaction was conducted in a
StepOnePlus Real-Time PCR system (Thermo Fisher
Scientific) using Maxima SYBR Green qPCR Master Mix
(Thermo Fisher Scientific) according to the manufacturer’s
instructions, and 1 μL of genomic DNA (at a concentration
range of 1−3 ng/μL) was used for each sample. The copy
number of ARO1 and NCS was calculated using the
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corresponding standard curve. The assay was performed in
triplicate.
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