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Many desired biobased chemicals exhibit a range of toxicity to microbial cell factories, making industry-level
biomanufacturing more challenging. Separating microbial growth and production phases is known to be bene-
ficial for improving production of toxic products. Here, we developed a novel synthetic carbon-responsive
promoter for use in the rapidly growing, stress-tolerant yeast Kluyveromyces marxianus, by fusing carbon-
source responsive elements of the native ICLI promoter to the strong S. cerevisiae TDH3 or native NC1 pro-
moter cores. Two hybrids, Pir350 and Piyyss50, were validated via EGFP fluorescence and demonstrated exceptional
strength, partial repression during growth, and late phase activation in glucose- and lactose-based medium,
respectively. Expressing the Gerbera hybrida 2-pyrone synthase (2-PS) for synthesis of the polyketide triacetic
acid lactone (TAL) under the control of Pjy4s50 increased TAL more than 50% relative to the native NCI promoter,
and additional promoter engineering further increased TAL titer to 1.39 g/L in tube culture. Expression of the
Penicillium griseofulvum 6-methylsalicylic acid synthase (6-MSAS) under the control of Pjy4s0 resulted in a 6.6-fold
increase in 6-MSA titer to 1.09 g/L and a simultaneous 1.5-fold increase in cell growth. Finally, we used Pjn450 to
express the Pseudomonas savastanoi IaaM and IaaH proteins and the Salvia pomifera sabinene synthase protein to
improve production of the auxin hormone indole-3-acetic acid and the monoterpene sabinene, respectively, both
extremely toxic to yeast. The development of carbon-responsive promoters adds to the synthetic biology toolbox
and available metabolic engineering strategies for K. marxianus, allowing greater control over heterologous
protein expression and improved production of toxic metabolites.

1. Introduction presumption of safety) status by the U.S. FDA and the European Union,

respectively (Ricci et al., 2018).

Kluyveromyces marxianus is a non-conventional yeast commonly
found in fermented dairy products that demonstrates great potential for
industrial applications. K. marxianus is both thermal and acid tolerant to
temperatures up to and exceeding 50 °C (Lane and Morrissey, 2010) and
pH levels as low as 2.0 (Karim et al., 2020), important attributes for
preventing cross contamination and reducing cooling costs during
cultivation. K. marxianus boasts an exceptional doubling time, growing
twice as fast as the yeast Saccharomyces cerevisiae (Groeneveld et al.,
2009), has demonstrated high secretory capacity (Fonseca et al., 2008),
and naturally exhibits high flux through the TCA-cycle (Lane and Mor-
rissey, 2010). K. marxianus can also assimilate a wide range of carbon
feedstocks, including xylose, glycerol, and lactose, matching and even
surpassing cell densities from the traditional sugar source glucose
(McTaggart et al., 2019). Similar to S. cerevisiae, K. marxianus has been
granted GRAS (generally regarded as safe) and QPS (quality
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Recent work has significantly advanced K. marxianus for high titer
production of chemicals, fuels, and biologics. This includes the devel-
opment of CRISPR-Cas9 based genome editing systems for single and
multigene integrations (Bever et al., 2022; Rajkumar et al., 2019; Li
et al., 2021; Lobs et al., 2017), a yeast toolkit of biological parts for
synthetic biology in K. marxianus (Rajkumar et al., 2019), the devel-
opment and characterization of native promoter libraries for varying
expression (Kumar et al., 2021; Lang et al., 2020; Yang et al., 2015), and
full genome-scale and transcriptome-scale probing and engineering ef-
forts to better understand the metabolism of this yeast (Bever-Sneary,
2023; Lertwattanasakul et al., 2015;Li, Mengwan, 2022). These tech-
niques can be used in K. marxianus for improved production of
acetyl-CoA based products like fatty acids, terpenoids, and polyketides.

Polyketides are a diverse class of natural products that exhibit anti-
microbial, anticancer, and immunosuppressive properties, and make up
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a substantial fraction of all natural product derived drugs approved by
the U.S. FDA (Gomes et al., 2013; Pfeifer and Khosla, 2001; Weissman,
2009). Biosynthesis is via specialty enzymes called polyketide synthases
(PKS) using CoA metabolites (e.g., acetyl-CoA, malonyl-CoA) as building
blocks. Examples of polyketides synthesized at high levels in yeast are
the fungal polyketide 6-methylsalicylic acid (6-MSA) using the type I
6-methylsalicylic acid synthase (6-MSAS) from Penicillium griseofulvem
(formerly patulum) (Choi and Da Silva, 2014; Kealey et al., 1998; Wat-
tanachaisaereekul et al., 2007, 2008), and triacetic acid lactone (TAL)
using the type III 2-pyrone synthase (2-PS) from the daisy Gerbera
hybrida (Cardenas and Da Silva, 2014; Markham et al., 2018; Vickery
et al., 2018). We previously demonstrated that K. marxianus expressing
2-PS (but otherwise unengineered) produced TAL at yields rivaling some
of the most extensively engineered S. cerevisiae and Y. lipolytica strains
(McTaggart et al., 2019). Terpenoids are another class of chemicals of
significant interest; in particular, monoterpenes are highly sought-after
plant natural products with a wide range of commercial applications in
fragrances, food flavorings, biofuels, and pharmaceuticals (Zhang et al.,
2017). Metabolic engineering of yeasts for the production of terpenoids
has primarily focused on improved production of the precursor
HMG-CoA for increased flux through the mevalonate pathway (Kam-
pranis and Makris, 2012; Liscum et al., 1985) and on improving pro-
duction of the precursor geranyl pyrophosphate, which has been shown
to be in low availability in S. cerevisiae (Jongedijk et al., 2016). Another
hindrance to improving synthesis of these classes of products is their
cytotoxicity to microbial hosts, including yeast; monoterpenes in
particular are exceptionally toxic, with concentrations as low as 0.02%—
0.1% v/v resulting in significantly reduced S. cerevisiae viability
(Brennan et al., 2012; Liu et al., 2022; Zhang et al., 2017).

Carbon responsive promoters are powerful genetic tools for pro-
duction of toxic chemicals. These promoters are repressed when the
carbon source is present followed by transcriptional activation once the
carbon source is exhausted (Weinhandl et al., 2014). While such pro-
moters have been identified in conventional organisms like S. cerevisiae
(e.g., Papyz) (Da Silva and Srikrishnan, 2012; Romanos et al., 1992),
E. coli (rpoS-dependent genes) (Lacour and Landini, 2004), and Bacillus
subtilis (Pyp) (Yu et al., 2015), to date, no such promoters are known in
K. marxianus. In the closely related Kluyveromyces lactis, transcription of
the isocitrate lyase-encoding ICL1 gene was found to be strongly glucose
repressed and derepressed by ethanol (Lopez et al., 2004), similar to the
ICL1 function characterized in S. cerevisiae. A hybrid ICL1-GAP1 pro-
moter was developed for use in K. lactis, taking advantage of the carbon
source-responsive elements in ICL1 for tight repression in glucose
combined with GAP1 for strong expression during stationary phase
(Sakhtah et al., 2019).

The development of a K. marxianus carbon-responsive promoter for
greater stationary phase activation would greatly benefit metabolic
engineering strategies in this yeast, especially for production of chem-
icals toxic to the host. In this study, we designed and evaluated a set of
hybrid promoters, using regulatory elements from the native
K. marxianus ICL1 promoter, and varying lengths of either the strong
constitutive ScTDH3 or KmNC1 promoters as the promoter core, for the
development of novel carbon-responsive promoters in K. marxianus. We
identified the strongest hybrid promoters and validated their perfor-
mance through fluorescence signaling of EGFP. We then produced four
compounds of varying toxicity (TAL, 6-MSA, indole-3-acetic acid, and
sabinene) and demonstrated that the carbon-responsive promoter
resulted in substantially higher production relative to the native
constitutive promoter. The use of the carbon-responsive promoter
allowed for greater control over heterologous protein expression and
improved production of toxic metabolites in this non-conventional
yeast.
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2. Materials & methods
2.1. Strains and plasmids

All K. marxianus strains used were built from base strain CBS712AU
(McTaggart et al, 2019) or CBS7124UAK (Bever et al., 2022).
CBS712AUAH was created by disrupting the HIS3 locus in strain
CBS712AU as previously described (Lang et al., 2020). Strain
CBS712AUAKAPGM2-npgA was created by integrating the
Pscper1-npgAan-Tsccyc: cassette into the 14 intergenic site (Rajkumar
et al., 2019). The Pscpgx1-npgAan-Tsccyc: donor cassette, for expression
of the 4"-phosphopantetheinyl transferase npgA from Aspergillus nidulans
(Lee et al., 2009; Wattanachaisaereekul et al., 2007, 2008), was PCR
amplified from plasmid pKD-6MN (primers ScPGKlp_intI4 F and
ScCYC1t_int 14 R) and co-transformed with plasmid pDBtgr-Cas6-14
(Bever-Sneary, 2023) into CBS712AUAKAPGM?2 (Bever-Sneary, 2023),
for Cas9-mediated integrations. Finally, strain
CBS712AUAKAPRBIAPGM2-npgA was created by Cas9-mediated
disruption of the PRBI locus as previously described (Bever-Sneary,
2023). All low copy CEN/ARS plasmids were built from plasmid pIW578
(Lang et al., 2020), high copy plasmids from plasmid pKD-A (McTaggart
et al.,, 2019), and CRISPR plasmids from pDBtgr-Cas9 (Bever et al.,
2022). All plasmids and strains are listed in Table S1. Detailed methods
for plasmid construction can be found in the Supplemental Information.

Primers are listed in Table S2 and promoter sequences are provided
in Table S3. Primers were synthesized by Integrated DNA Technologies
(IDT, San Diego, CA). PCR reactions were performed using Q5® Hot
Start High-Fidelity DNA Polymerase from New England Biolabs (NEB,
Ipswich, MA). Gibson assembly reactions were performed using the
NEBuilder® HiFi DNA Assembly Master Mix and all restriction enzymes
were from NEB. All plasmids were confirmed by Sanger sequencing or
plasmid NGS (Azenta Life Sciences, South Plainfield, NJ) prior to
transformation into K. marxianus. All genomic modifications were also
verified by Sanger sequencing. K. marxianus strains were transformed
using a modified version of the Frozen-EZ Yeast Transformation II Kit
(Zymo Research, Irvine, CA) (Bever et al., 2022).

2.2. Media & cultivation

Escherichia coli strain DH5a was cultivated in 5 mL of lysogeny broth
(LB) containing 150 pg/mL of ampicillin for molecular cloning and
plasmid maintenance. Overnight cultures of K. marxianus strains
CBS712AU or CBS712AUAH were grown in 15 x 125 mm borosilicate
culture tubes containing 3 mL of 2% YPD [10 g/L yeast extract (BD
Difco™, Franklin Lakes, NJ), 20 g/L peptone (BD Difco™), and 20 g/L
D-glucose (Fisher Scientific, Hampton, NH)] at 30 °C for plasmid
transformation. Growth curve and GFP expression experiments were
carried out in K. marxianus strain CBS712AUAH at 37 °C and 250 rpm in
tubes containing 3 mL of the synthetic media 1% SD(-his) or 1% SL(-his)
[1.7 g/L yeast nitrogen base without amino acids (BD Difco™), 0.77 g/L
CSM-His (Sunrise Science Products, Knoxville, TN), 100 mg/L uracil
(Sigma, St. Louis, MO), 5 g/L ammonium sulfate (Fisher Scientific or BD
Difco™), and 10 g/L D-glucose or 9.5 g/L lactose (Fisher Scientific),
respectively], providing equimolar amounts of carbon. TAL production
was in K. marxianus strain CBS712AU at 37 °C and 250 rpm in tubes
containing 3 mL of the synthetic complete SCA media [1.7 g/L yeast
nitrogen base without amino acids (BD Difco™), 5 g/L casamino acids
(BD Difco™), 5 g/L ammonium sulfate (BD Difco™), and 100 mg/L
adenine-hemisulfate (Sigma)] supplemented with lactose (9.5 g/L, 1%
SLCA) as the carbon source. 6-MSA synthesis experiments were in
K. marxianus strain CBS712AUAKAPRB1APGM2-npgA at 30 °C and 250
rpm in tubes containing 3 mL of the synthetic complete SCA media
supplemented with 9.5 g/L lactose (1% SLCA) or 10 g/L xylose (1%
SXCA). IAA production was in K. marxianus strain CBS712AUAK at 37 °C
and 250 rpm in tubes containing 3 mL of the synthetic complete SCA
media supplemented with 9.5 g/L lactose and 100 mg/L tryptophan (1%
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SLCAT). Sabinene synthesis was in K. marxianus strain CBS712AUAK at
30 °C and 250 rpm in tubes containing 3 mL of 1% SLCA or 1% SXCA.
Isopropyl myristate (IPM) (Sigma) was added to the culture tubes at 10%
of the culture volume for in situ extraction, according to a previous
protocol (Dusséaux et al., 2020). Absorbance for all cultures was
measured at 600 nm using a Shimadzu UV-2450 UV-Vis Spectropho-
tometer (Shimadzu, Columbia, MD).

2.3. Growth curve measurements

K. marxianus strain CBS7124UAH was individually transformed with
PIW578, Ps.rpys-EGFP, and Pyc¢1-EGFP, and plated onto selective 2% SD
(-his) plates (2% agar). Biological triplicates from each transformation
were streaked onto fresh 2% SD(-his) and 2% SL(-his) plates before
inoculation into 3 mL of liquid 1% SD(-his) or 1% SL(-his). Liquid cul-
tures were grown overnight at 37 °C, then reinoculated the next day into
their respective liquid media to an ODggg = 0.1 and grown for 36 h, with
ODgpp readings at hours 2, 4-16 (every hour), 24, 30, and 36, to identify
lag phase, early, mid, and late exponential phase, and stationary phase.
Maximum specific growth rate (pmax) values were calculated using a
minimum of six ODggo time points during exponential phase.

2.4. Dynamic EGFP fluorescence

CBS7124UAH was individually transformed with pIW578, Ps.rpps-
EGFP, Pyc;-EGFP, and the 14 constructed hybrid promoter plasmids,
inoculated into 3 mL of liquid 1% SD(-his) or 1% SL(-his) from their
respective carbon source plates and grown overnight, and then reino-
culated to an ODgpg = 0.1 and grown for 48 h. At each of the five times
determined for lag phase, early/mid/late exponential phase, and sta-
tionary phase, and at hours 24, 36, and 48, cell culture samples were
taken for fluorescence measurements; 20 pL of each culture was diluted
1:10 and placed in a 96-well black plate, and fluorescence was measured
using a SpectraMax M3 plate reader from Molecular Devices (San Jose,
CA), with excitation and emission wavelengths of 488 and 511 nm,
respectively. Cells transformed with control plasmid pIW578 provided
background measurements and all fluorescence units were calculated
with background subtracted.

2.5. Metabolite detection assays

For TAL, samples were taken at each time point, centrifuged at 2600
ref for 5 min to remove cells, and the supernatants collected for TAL
analysis by absorbance at 277 nm in the plate reader. TAL samples and
standards were diluted at least 1:20 to ensure linearity. 6-MSA was
measured using HPLC-UV. Cell culture samples were taken at each time
point, centrifuged, and the supernatants collected and diluted 1:2 with
ddH50. HPLC analysis was conducted using an Agilent 1100 Series
Capillary LC System (Agilent, Santa Clara, CA), using a previously
described protocol (Choi, 2014). TAL and 6-MSA standards were pre-
pared using pure components purchased from Sigma Aldrich.

For IAA, samples were centrifuged to remove cells and the super-
natant diluted 1:4 in ddH30. Pure IAA was purchased from Sigma
Aldrich for standards. All samples and standards were analyzed using a
Shimadzu HPLC system: LC-10AT pumps (Shimadzu), UV-vis detector
(SPD-10A VP, Shimadzu), Zorbax SB-C18 reversed-phase column (2.1 x
150 mm, Agilent). Acetonitrile and HPLC grade water each buffered
with 1% acetic acid were used as organic and aqueous phases, respec-
tively. A gradient program using a 95-85% Pump B gradient (H2O with
1% acetic acid) provided an IAA elution time of approximately 24.4 min
(flow rate 0.25 mL/min, column temperature 25 °C).

For sabinene, samples were centrifuged to separate the media from
the IPM layer, which was decanted into fresh microcentrifuge tubes and
centrifuged again to separate any residual aqueous phase. The IPM layer
was diluted 1:10 in hexane and transferred to a vial for GC analysis.
Sabinene was purchased as an analytic standard (PhytoLab,
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Vestenbergsgreuth, Germany) and similarly diluted. All samples and
standards were analyzed by GC-FID using an Agilent 6890N GC system
with an Agilent DB-WAX column (30 m x 0.25 mm x 0.5 pm). Helium
was used as the carrier gas. The inlet and detector were held at 250 and
300 °C, respectively. 1 pL of sample was injected with a 2:1 split ratio.
The oven temperature was held at 50 °C for 1 min, then increased by
15 °C/min to 120 °C, then increased by 20 °C/min to 230 °C and held for
7 min.

3. Results & discussion
3.1. Carbon source-responsive promoter design through promoter fusions

K. lactis is the closest evolutionary relative to K. marxianus, with both
yeasts sharing similar properties including the ability to assimilate both
glucose and lactose (Lane and Morrissey, 2010; Yu et al.,, 2021). In
K. lactis, transcriptional factors Cat8p and Sip4p are regulatory proteins
allowing for the glucose repressible expression of ICL1 (Lopez et al.,
2004). Once glucose is exhausted and ethanol production occurs, the
trans-acting Snflp/Snf4p kinase complex phosphorylates these two
factors and allows them to bind to carbon source-responsive elements
(CSREs) in the ICL1 promoter region, activating transcription (Breunig
et al., 2000; Lopez et al., 2004). Given the evolutionary proximity be-
tween K. lactis and K. marxianus, we hypothesized that the glucose
repressible mechanism of ICL1 activation is similar in K. marxianus, and
that the UAS segment of the K. marxianus ICL1 promoter could be used to
regulate heterologous gene expression. Our strategy was to engineer a
set of hybrid promoters by fusing the putative carbon source-responsive
segment of the native K. marxianus Pjcy; to nested truncation segments
of either the S. cerevisiae Pypys or the native K. marxianus Py¢;, both of
which have shown to be strong promoters in K. marxianus (Lang et al.,
2020; Yang et al., 2015).

The K. lactis Pjcr; has been confirmed to harbor two CSREs located
between nucleotides —811 and —690 upstream of the ICL1 transcrip-
tional start site, both of which follow the consensus sequence 5-H SCC
WTT NRN SCGR-3,where =H=C,AorT;S=GorC;R=AorGW=A
orT;and N =G, C, A, or T (Rodicio et al., 2008). We identified one copy
of this same consensus sequence in the 330 bp sequence from —1008 to
—678 upstream of the K. marxianus ICL1 transcription start site by
comparing the putative promoter sequences between these two yeasts.
This K. marxianus 330 bp Pjc; sequence was isolated from the genomic
DNA of strain CBS712AU and directly fused upstream of either the
S. cerevisiae Prpys or the K. marxianus Pyc; promoter sequences, pro-
gressively truncated from the 5’ end, to create a nested series of hybrid
promoters. These fusions started with the full Prpys or Py¢; sequences,
followed by the 500, 450, 400, 350, 250, and 125 bp fragments for a
total 14 promoters (four examples shown in Fig. 1). We opted out of
using longer fragments as the ~700 bp promoters lead to strong
constitutive expression for both Prpys and Py¢y (Lang et al., 2020). Once
fused, the hybrid promoters were individually cloned upstream of the
gene EGFP for fluorescence screening.

3.2. Characterizing hybrid promoters for carbon responsive expression of
EGFP

We first evaluated growth and EGFP expression using our hybrid
promoters in K. marxianus strain CBS712AUAH grown at 37 °C in
glucose or lactose defined media. Lactose is of interest as we have found
superior polyketide synthesis in lactose relative to glucose in this yeast
species (Bever et al., 2022; Lang et al., 2020). K. marxianus transports
lactose into the cell, hydrolyzes the p-linkage, and then assimilates both
glucose and galactose simultaneously (noted by a lack of diauxic
growth) (Breunig et al., 2000; Fonseca et al., 2013); therefore, we hy-
pothesized that lactose would repress expression from ICLI1
CSRE-containing promoters similar to glucose. To identify optimal
sampling times for each phase of growth from these carbon sources,
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Fig. 1. Design of late phase hybrid promoters in K. marxianus. The region upstream of the KmICL1 transcriptional start site from nucleotides —1008 to —678 (shown
in grey) contains the consensus sequence 5-H SCC WTT NRN SCG R-3' (teal segment), where =H =C,Aor T;S=GorC;R=AorG;W=AorT;and N =G,C, A, or
T. A series of nested hybrid promoters was created by fusing this 330 bp Pjc;; sequence upstream of the ScTDH3 or KmNCI1 promoters (white) progressively
truncating the core promoter sequences from the 5-end. Shown here are Picp1, Pscrpms, and Pxmnci, as well as four of the fourteen hybrid promoters: P15, Ping Prraso,
and Ppyys0. Hybrid promoters were named using the following convention: I for ICL1 sequence, followed by T or N to designate the promoter core for TDH3 or NC1,
finally followed by the truncation length (f for full length promoter core, 125-500 for truncated cores).

CBS712AUAH was individually transformed with CEN/ARS control
plasmids pIW578, Ps.rpr3-EGFP, and Py¢;-EGFP, for either no expres-
sion or strong constitutive expression. We observed identical growth
profiles in all strains across their respective carbon source (Figure S1).
Sampling times for fluorescence analysis were chosen as 2, 4, 7, 11, 16,
24, 36, and 48 h post inoculation.

Our hybrid promoters were also individually cloned upstream of the
gene EGFP on CEN/ARS low copy plasmids which were transformed into
K. marxianus strain CBS712AUAH. ODggo and fluorescence measure-
ments were made at the eight chosen time points, allowing expression to
be quantified at all phases of growth. We first evaluated the performance
during growth in glucose. Fluorescence across all strains (our set of 14
hybrids and our two unaltered promoter controls) were negligible or
statistically insignificant through the first 7 h of growth. By the end of
exponential phase (16 h), EGFP expression had reached its maximum for
the S. cerevisiae Prpys, with fluorescence approximately 2-fold higher
than with Pyc¢; (Figure S2). Py¢; was previously characterized as one of
the strongest native constitutive promoters tested to date in K. marxianus
(Lang et al., 2020), so the difference in strength is noteworthy. Our
initial screens showed many ICL1-TDH3 fusions resulted in lower fluo-
rescence than Pypys at early time points (16 h), and higher fluorescence
at later time points (48 h) (Figure S2). Most of the ICL1-NC1 fusions
resulted in similar fluorescence as the unaltered Py¢; at 16 h; however,
at later time points, higher fluorescence was observed with the fusion

promoters. Of the entire promoter set, Pir350 demonstrated the best
carbon-responsive activation in glucose medium, with expression fa-
voring stationary phase. This hybrid promoter resulted in lower total
and specific fluorescence than the native Prpysz at 16 h, and significantly
greater total and specific fluorescence (3-fold, p < 0.01) at 48 h
(Fig. 2A-B). NC1 promoter variants Pjys59p and Pjy3s50 did not demon-
strate significant repression at 16 h; however, stationary phase activa-
tion was observed with substantially higher fluorescence at 48 h
(Figure S2). For all three of these notable promoters, significant in-
creases in fluorescence were only observed once K. marxianus was well
into stationary phase. Prrs50 was the most promising in glucose due to
both early repression and higher late-phase expression.

We also compared these promoters during growth in lactose me-
dium. We hypothesized that our Py¢;-based hybrids would be more
responsive in lactose; Py¢; regulates the expression of a cell-wall protein
(CCW12 homolog) used in lactose transport (Kumar et al., 2021; Lert-
wattanasakul et al., 2015; Varela et al., 2019). Similar to the glucose
studies, ODggo and fluorescence measurements were taken at 11-, 16-,
24-, and 36-h post inoculation. In lactose, the unaltered Py¢; had peak
fluorescence at 24 h, and then a drop in fluorescence between 24 and 36
h (Figure S3). In contrast, NCI promoter variants Pjy2s50, Pins350, and
Pingso showed increased fluorescence over this period, with Ppygso
demonstrating the greatest increase (Figure S3). Total and specific
fluorescence from Ppyys50 were lower than for Py¢; during exponential
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Fig. 2. Carbon-responsive induction of fluorescence in K. marxianus. CBS712AUAH harboring plasmids Ps.rpy3-EGFP (pink), Pr350-EGFP (maroon), Pyc;-EGFP (light
blue), or Pin350-EGFP (dark blue) was grown in selective glucose (top row) or lactose (bottom row) medium for characterizing expression over time in response to
carbon source depletion. (A) Specific fluorescence was compared between the S. cerevisiae Pypyz and TDH3 promoter variant Pyrssg, illustrating the strong stationary
phase expression using the variant promoter and exponential phase expression using Prpys in glucose medium. (B) Cell densities and relative GFP fluorescence for
both Prpys and Pir3s0, confirming an increase in fluorescence by Pjr3s50 coinciding with stationary phase. (C) Specific fluorescence compared between the native Pyc;
and NC1I promoter variant Pjy450 confirmed the strong stationary phase expression by the variant promoter in lactose. (D) Cell densities and relative GFP fluorescence
shows an increase in fluorescence with Pjy450 coinciding with stationary phase. Due to low fluorescence prior to hour 11, the earlier time points for lactose-based
expression were not taken. All fluorescence values (absolute and specific) are normalized to the background fluorescence measured from pIW578. Bars and scatter
plots represent mean values + one SEM with n = 3. *p < 0.05 for variants compared against their unaltered counterpart at the respective time point. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

phase up to 24 h (Fig. 2C-D) indicating repression. By 36 h, total and
specific fluorescence from Pyy450 were approximately 2-fold higher (p <
0.05) than for the native promoter. In contrast, the TDH3 promoter
variants did not result in the desired behavior and demonstrated the
same or similar expression behaviors as the unaltered Pypys, indicative
of a lack of regulation in lactose (Figure S3). During growth in lactose,
Pin450 was the most promising promoter, exhibiting partial repression in
exponential phase and substantial activation in stationary phase.

3.3. Stationary phase production of the polyketide triacetic acid lactone

In previous work, we achieved high production of the polyketide TAL
(Fig. 3A) in an unengineered K. marxianus strain grown in xylose or
lactose. TAL synthesis from the KmPGK1 and ScADH2 promoters was
growth-associated, with consistent production of the polyketide
throughout exponential growth and minimal changes in TAL titer
following the transition to stationary phase (McTaggart et al., 2019). We
additionally observed a 50% reduction in growth rate when 1 g/L TAL
was added at time zero, indicating TAL to be mildly microstatic to this
yeast. For these reasons, we evaluated TAL synthesis using the promising
NC1 hybrid promoters Ppyss50 and Ppygsp, with the goal of separating
growth and production phases and increasing TAL titers. To best

elucidate the effects of stationary phase activation of 2-PS expression
and TAL synthesis, we used multi-copy pKD1-based vectors that result in
TAL levels greater than 1 g/L (McTaggart et al., 2019). This previous
work also demonstrated significantly higher TAL titer for K. marxianus
grown in lactose relative to glucose. Therefore, we decided to move
forward testing our variants for TAL synthesis during growth in lactose
only.

The 2-PS gene was cloned downstream of Pyc¢i, Pingso, Or Pingso on
multi-copy pKD1l-based plasmids, individually transformed into
CBS712AU, and grown for 48 h in lactose, with sampling at 11-, 16-, 24-,
36-, and 48-h post inoculation. Both Pjy4s50 and Ppyssp exhibited sta-
tionary phase activation for 2-PS expression and TAL synthesis, reaching
TAL titers greater than 1 g/L, over 50% higher than the maximum titers
from Pyc; (p < 0.01). With Pjyys, titer reached ~1.2 + 0.1 g/L (Fig. 3B)
and yield was 0.029 mol TAL/mol C, significantly outcompeting our
previously observed best titer and yield in lactose (Bever et al., 2022).
The specific titer (Fig. 3C) indicated late phase activation; with Pjyys0,
specific TAL was significantly lower than the native promoter at 11 h
and substantially higher at 36 and 48 h. Final cell densities were not
significantly different across the three promoters, but growth rate was
slower with Py¢; compared to the two hybrid promoters (Figure S4). We
also tested a 450 bp truncation of the NCI1 promoter without the
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regulatory ICL1 element upstream and saw no changes in growth or TAL
synthesis (Figure S5), indicating that both the improved strength and
responsiveness of Pyy50 comes from the fusion with the ICL1 UAS. We
concluded that promoter Pjyg450 was our best carbon-responsive pro-
moter for 2-PS expression and TAL production, with lower synthesis
during exponential phase and increased expression following the tran-
sition to and throughout stationary phase, resulting in one of our highest
ever TAL titers and yields from K. marxianus.

3.4. Promoter engineering to improve carbon responsiveness and
polyketide biosynthesis

While specific TAL titer was lower at 11 and 16 h for Pyyys relative to
the native Pycj, even tighter control is desired. The K. lactis ICL1 con-
tains two CSRE sequences for carbon-based repression; the K. marxianus
ICL1 contains only one CSRE sequence. Therefore, to potentially in-
crease the carbon repressibility of our hybrid K. marxianus promoter, we
added a second CSRE consensus sequence 66 bp upstream of the first by
site-directed mutagenesis (Fig. 4A), following the same design observed
in the native K. lactis sequence. We inserted the resulting promoter
(Pings0v2) upstream of the 2-PS gene on a multi-copy pKD1 plasmid,
transformed the plasmid into strain CBS712AU, and evaluated the
expression profile for cultures grown in 1% lactose medium. Given the
additional carbon repressible motif, we anticipated tighter regulation of
2-PS expression during exponential and early stationary phase, and
therefore stronger derepression and expression in stationary phase.

We first considered promoter strength and compared TAL titers at 48
h. Absolute TAL using Pjy450v2 was 19% higher than with Pigso (p <
0.05) and 76% higher than with the native Py¢; (p < 0.01) (Fig. 4B),
indicating promoter engineering had improved the strength of this
hybrid promoter. We then considered repressibility during exponential
phase following the same time course of 11-48 h. For Py¢;, specific TAL
decreased over the first 24 h (similar to Fig. 3C), indicating TAL syn-
thesis lagged relative to cell growth. Following the transition to

stationary phase, production levels did increase, but did not rise above
the initial level observed at 11 h (Fig. 4C). For both Pin4s50 and Piys4s50v2,
specific TAL levels showed little change throughout the first 24 h, fol-
lowed by a substantial increase from 24 to 48 h (Fig. 4C). This increase
was greater for Pjyg4s5002, demonstrating better stationary phase activa-
tion. However, the addition of a second CSRE did not mitigate leaky
behavior as specific titers through the first 24 h were higher than those
for Pin4s50. This finding supports the claim that CSREs play a greater role
in starting transcription rather than preventing it, and the more CSREs
present, the greater the expression rate once the carbon source is
exhausted and the involved transcription factors can bind (Lopez et al.,
2004). Despite this, our second-generation hybrid promoter further
improved TAL synthesis in K. marxianus, reaching a titer of 1.39 g/L.

3.5. Carbon source-dependent promoter behavior for production of the
polyketide 6-MSA

The polyketide 6-methylsalicylic acid (6-MSA) is synthesized
through three iterative condensations of malonyl-CoA onto an acetyl-
CoA that remains bound to an acyl carrier protein domain (Hitschler
and Boles, 2019) of the P. griseofulvum 6-methylsalicylic acid synthase
(6-MSAS) (Fig. 3A) (Kealey et al.,, 1998). 6-MSAS also requires a
4'-phosphopantetheinyl transferase (PPTase) for proper
post-translational modification and PKS activation. This polyketide is
even more toxic to K. marxianus than TAL; growth rates are significantly
impaired with the addition of as little as 0.5 g/L 6-MSA, and growth is
fully inhibited at 1 g/L (Bever-Sneary, 2023). We thus evaluated the
more repressible carbon responsive promoter (Ppy4s50) for improving
production of 6-MSA.

The 6-MSAS coding sequence was cloned downstream of Py¢; or
Pingspo on a multi-copy pKD1 plasmid. The A. nidulans npgA PPTase
expression cassette was integrated into strain CBS712AUAKAPGM2,
containing a PGM2 knockout. This gene encodes a phosphoglucomutase,
used for diverting carbon flux from glycolysis to glycogen storage; we
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previously found the deletion of PGM2 improves polyketide synthesis in
both K. marxianus and S. cerevisiae as this limits competing glycogen
formation (Bever-Sneary, 2023; Cardenas and Da Silva, 2014). We also
previously showed that 6-MSAS is highly susceptible to protease
degradation in K. marxianus (Bever-Sneary, 2023); because 6-MSAS is
susceptible to vacuolar degradation (Spencer and Jordan, 1992), we
disrupted the vacuolar protease PRB1 gene to create
CBS712AUAKAPRBIAPGM2-npgA. Finally, a previous study found that
the thermal stability of 6-MSAS is significantly impacted at 37 °C
compared to the native 25 °C for P. griseofulvum (Light, 1967). We also
observed significantly higher 6-MSA titers with K. marxianus grown at
30 °C compared to 37 °C (Bever-Sneary, 2023), and therefore opted for
growth at 30 °C.

We assessed both the strength and carbon-responsiveness of the
hybrid promoter by sampling over time through 48 h. Cell densities were
higher at all time points for Pjy4s5 relative to Pyc1, and 47% higher at 48
h (Fig. 5A). 6-MSA is significantly more toxic to K. marxianus than TAL,
so the increase in growth when using our hybrid promoter is note-
worthy. 6-MSA titer was also substantially higher with Pyy450, reaching
1.09 g/L 6-MSA. This is a 6.6-fold increase over that with the native
promoter (Fig. 5B) and the highest 6-MSA titer to date from
K. marxianus, significantly surpassing 6-MSA titers from our previous
metabolic engineering studies with this yeast (Bever-Sneary, 2023).
6-MSA levels were quite low (<100 mg/L) through the first 16 h with
Pin450, With a noticeable increase at 24 h followed by a sharp increase at
36 h. Specific 6-MSA levels provide a better understanding of the un-
derlying behavior. With Py¢;, specific titer decreases throughout the 48
h; however, with Pjy450 specific production is constant for the first 24 h,

followed by a sharp increase by 36 h (Fig. 5C). Similar to TAL produc-
tion, this substantial increase in 6-MSA synthesis coincided with the
transition to stationary phase, and thus indicated stationary phase
activation.

Our primary interest was synthesis in lactose medium where Py450
functions as a carbon-responsive promoter. We do not expect similar
control in xylose for a promoter with a CSRE; however, we also evalu-
ated promoter behavior in xylose medium for comparison, as substantial
increases in TAL are generally seen with this sugar relative to lactose
(McTaggart et al., 2019). During the 48 h time course (Fig. 5), growth
and absolute titers were also greater at all time points with Pjy450, with a
2.5-fold increase in TAL titer relative to Pyc; at 48 h. However,
carbon-responsive behavior was not observed; both Py¢; and Pjy4s50 have
nearly identical specific 6-MSA profiles (Fig. 5F). This confirms that the
CSRE is not effective, that Pjy450 can act as a strong growth-associated
promoter in xylose, and that the promoter is effective at significantly
increasing production of this metabolite in both sugar sources.

3.6. Carbon responsive promoter expression improves production of two
highly cytotoxic compounds

K. marxianus has demonstrated the ability to be a powerful microbial
cell factory. The TAL yields corresponding to the titers in Figs. 3 and 4
meet or exceed many previously reported from extensively engineered
S. cerevisiae and Y. lipolytica strains during batch fermentation (Cardenas
and Da Silva, 2014; Markham et al., 2018; Yu et al., 2018). To broaden
our product range, we next evaluated production of two highly cytotoxic
metabolites that are important to the agriculture and pharmaceuticals &
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cosmetics industries and are known to be difficult to produce via mi-
crobial hosts, the plant hormone indole-acetic acid (IAA) and the
monoterpene sabinene.

IAA is the most common auxin-class phytohormone, playing a major
role in multiple plant cell processes. High levels of IAA impose growth
inhibitory effects, making it an ideal candidate as a bioherbicide (Bun-
sangiam et al., 2021; Nicastro et al.,, 2021). One pathway for IAA
biosynthesis is via tryptophan: the IaaM-encoding tryptophan-2-mo-
nooxygenase converts tryptophan to the indole intermediate
indole-3-acetamide, which then gets converted to IAA by the
IaaH-encoding indole-acetamide hydrolase (Fig. 6A). Bioproduction in
yeast, however, can be quite challenging. Previous work has demon-
strated IAA levels as low as ~9 mg/L (50 pM) induces filamentous
growth in S. cerevisiae (Prusty et al., 2004); the half-maximal inhibitory
concentration (ICsy) was observed at ~100 mg/L (0.6 mM), and con-
centrations exceeding 175 mg/L (1 mM) completely arrested growth
(Nicastro et al., 2021). IAA was found to interact with the target of
rapamycin complex 1 (TORC1), a major regulatory node in eukaryotic
growth. Interestingly, IAA synthesis and intracellular accumulation is
possible upon entry into stationary phase; results from Nicastro et al.
suggest that the accumulation of IAA aids in the transition of S. cerevisiae
into quiescence because of its interaction with TORC1 (Nicastro et al.,
2021).

We observed similar trends in K. marxianus and with significantly
greater sensitivity to IAA than previously reported for S. cerevisiae. As
low as 10 mg/L supplementation is enough to completely arrest
K. marxianus growth (Figure S6). When cells are allowed to grow in the
absence of IAA through exponential phase followed by IAA

Metabolic Engineering Communications 18 (2024) e00238

supplementation, we see no reduction in K. marxianus growth; cell
densities are either maintained or increased through 48 h (Figure S7),
indicating IAA exhibits a microstatic effect on this yeast that inhibits
initial proliferation, consistent with previous findings in S. cerevisiae.
The use of a strong promoter most active during quiescence is thus
powerful for production of IAA in yeast. Here, we expressed the two
enzymes [aaM and IaaH from Pseudomonas savastanoi in CBS712AUAK
from a single multi-copy bicistronic plasmid, with both genes under the
control of either Pyc; or Ppygs0. Transformed strains were cultured
overnight in 1% lactose medium followed by reinoculation into medium
supplemented with exogenous tryptophan, a 72-h culture period at
37 °C, and finally collection of supernatant samples for analysis by
HPLC. Final cell densities were again higher with Pjyy50 compared to
Pnc1 (Fig. 6B), similar to what we observed for 6-MSA synthesis. Both 6-
MSA and IAA are much more toxic to K. marxianus than TAL, and the use
of the carbon-responsive promoter may allow better growth. Both ab-
solute and specific IAA titers increased substantially with the hybrid
promoter: 3.6-fold (p < 0.001) and 2.6-fold (p < 0.001), respectively
(Fig. 6B). We also followed IAA levels with time (0-72 h) (Figure S8),
given that IAA may not be detectable during exponential phase due to
TAA interaction with TORC1. Consistent with the previous IAA-TORC1
interaction studies (Nicastro et al., 2021), no IAA was detected while
the strains were still in exponential phase; the first instance of IAA
detection coincides with stationary phase. Production using Py¢; results
in a single increase in IAA production at 48 h, while Pjyys50 results in
substantial increases at both 48 and 72 h, consistent with its
carbon-responsive behavior (Figure S8). To our knowledge, this is the
first attempt at producing IAA in minimal defined media, and the first
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instance of IAA biosynthesis in K. marxianus.

We similarly evaluated the production of the toxic monoterpene
sabinene. Sabinene is used in the flavor and fragrance industries due to
its pleasant odor, as well as the pharmaceutical industry for its antimi-
crobial, antioxidant, and anti-inflammatory properties (Wang et al.,
2021). Sabinene is a bicyclic C10 lipophilic compound formed by the
isomerization and cyclization of geranyl pyrophosphate (GPP) via a
sabinene synthase (Fig. 7A). Like most monoterpenes, sabinene exhibits
toxicity to microbes by interfering with cell membrane properties
(Brennan et al., 2012); to mitigate toxicity limitations and improve ti-
ters, in situ extraction with an organic overlay that traps the volatile
monoterpene (Bureau et al., 2023; Ignea et al., 2019; Jia et al., 2020) is
typically used. We expressed the SabSI1-encoded sabinene synthase from
Salvia pomifera (Ignea et al., 2014) under Pyc; or P50 control in
CBS712AUAK. Transformants were grown overnight in 1% lactose and
xylose media, followed by inoculation into fresh media with a 10% v/v
IPM overlay to extract sabinene in situ. Strains were cultured for 48 h at
30 °C, followed by phase separation and analysis of the organic phase by
GC-FID. In lactose, we observed a 2-fold increase both in absolute and
specific titers with Ppy450 compared to Pycr (p < 0.001). Interestingly,
we observe an even higher sabinene titer after 48 h in xylose, reaching
1.5 4+ 0.2 mg/L (Figure S9), despite being a growth-associated promoter
in xylose. Terpenoid generation via the mevalonate pathway results in a
net generation of NADPH (Cao et al., 2018); because xylose metabolism
is NADPH-dependent, the coupling of these two pathways allows for
cofactor recycling, likely making production in xylose more favored
than production in lactose. This is to our knowledge the first report of
terpenoid production in K. marxianus, and with sabinene titers compa-
rable to those in S. cerevisiae after extensive strain engineering (Ignea
etal., 2014). These results further highlight the enhanced strength of our
hybrid promoter, improving production of a wide range of compounds.

A
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4. Conclusions

In this work, we designed and evaluated a set of hybrid promoters for
the development of a novel carbon source responsive promoter for
K. marxianus. We identified the hybrid Pjy4s0 to be exceptionally strong
in lactose; this promoter exhibited both partial repression during log
phase and significant activation once the cells entered stationary phase,
validated through fluorescence signaling and TAL production. High
level expression of 2-PS under the control of Pjy4s50 improved TAL titers
and yield by 50% over the native NC1 promoter alone, while rational
promoter engineering further increased promoter strength. Use of this
synthetic promoter improved production of the toxic polyketide 6-MSA
6.6-fold to 1.09 g/L, the highest 6-MSA titer from K. marxianus to date.
Finally, by expressing the ITaaM and IaaH proteins and the S. pomifera
sabinene synthase protein under the control of Pjyys9, we were able
increase both IAA and sabinene titers by over 2-fold each. Here, we
reached sabinene titers of 0.67 and 1.5 mg/L in lactose and xylose,
respectively, without strain or protein engineering. This carbon-
responsive promoter adds to the growing yeast toolbox for

K. marxianus strain engineering, further advancing this non-
conventional yeast as a suitable candidate for industrial
biomanufacturing.
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