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Abstract

Transcriptomics is a powerful approach for functional genomics and systems biology, yet it can also be used for genetic part
discovery. Here, we derive constitutive and light-regulated promoters directly from transcriptomics data of the basidiomycete
red yeast Xanthophyllomyces dendrorhous CBS 6938 (anamorph Phaffia rhodozyma) and use these promoters with other
genetic elements to create a modular synthetic biology parts collection for this organism. X. dendrorhous is currently the sole
biotechnologically relevant yeast in the Tremellomycete class—it produces large amounts of astaxanthin, especially under
oxidative stress and exposure to light. Thus, we performed transcriptomics on X. dendrorhous under different wavelengths
of light (red, green, blue, and ultraviolet) and oxidative stress. Differential gene expression analysis (DGE) revealed that
terpenoid biosynthesis was primarily upregulated by light through cr¢l, while oxidative stress upregulated several genes in
the pathway. Further gene ontology (GO) analysis revealed a complex survival response to ultraviolet (UV) where X. den-
drorhous upregulates aromatic amino acid and tetraterpenoid biosynthesis and downregulates central carbon metabolism
and respiration. The DGE data was also used to identify 26 constitutive and regulated genes, and then, putative promoters
for each of the 26 genes were derived from the genome. Simultaneously, a modular cloning system for X. dendrorhous was
developed, including integration sites, terminators, selection markers, and reporters. Each of the 26 putative promoters were
integrated into the genome and characterized by luciferase assay in the dark and under UV light. The putative constitutive
promoters were constitutive in the synthetic genetic context, but so were many of the putative regulated promoters. Notably,
one putative promoter, derived from a hypothetical gene, showed ninefold activation upon UV exposure. Thus, this study
reveals metabolic pathway regulation and develops a genetic parts collection for X. dendrorhous from transcriptomic data.
Therefore, this study demonstrates that combining systems biology and synthetic biology into an omics-to-parts workflow can
simultaneously provide useful biological insight and genetic tools for nonconventional microbes, particularly those without
a related model organism. This approach can enhance current efforts to engineer diverse microbes.

Key points

o Transcriptomics revealed further insights into the photobiology of X. dendrorhous, specifically metabolic nodes that are
transcriptionally regulated by light.

o A modular genetic part collection was developed, including 26 constitutive and regulated promoters derived from the
transcriptomics of X. dendrorhous.

e Omics-to-parts can be applied to nonconventional microbes for rapid “onboarding”.

Keywords X. dendrorhous - Nonconventional yeast - Transcriptomics - Genetic parts - Photobiology

Introduction

Yeasts are a diverse group of fungi characterized by unicel-
lular growth, which is useful in industrial fermentations.
The group is not monophyletic, rather the yeast state has
emerged several times across the fungal kingdom (Nagy et al.
Extended author information available on the last page of the article 2014). Therefore, yeasts have different genome architectures,

Emma E. Tobin and Joseph H. Collins contributed equally.

Published online: 28 December 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-024-13379-w&domain=pdf
http://orcid.org/0000-0001-5276-2873

547 Page 2 of 18

Applied Microbiology and Biotechnology ~ (2024) 108:547

metabolic capabilities, and stress tolerances that are not only
due to the ecological niches to which they are adapted, but
also due to their different lineages (Boekhout et al. 2022).
The impact this biodiversity might have on synthetic biol-
ogy and industrial biotechnology is currently being explored
(Steensels and Verstrepen 2014; Wagner and Alper 2016).
However, the different lineages limit the transferability of
genetic tools between yeasts (Zeevi et al. 2014), particularly
for the basidiomycete yeasts that are not closely related to any
model organism (Otoupal et al. 2019). Genomics analysis of
the fungal kingdom is well-developed (Libkind et al. 2020;
Peris et al. 2023; Merényi et al. 2023), which is a foundation
that could be leveraged to derive a collection of genetic parts
in addition to enabling insight into fundamental biology.

The model yeast, the ascomycete Saccharomyces cer-
evisiae, has long been the host of choice for yeast meta-
bolic engineering (Da Silva and Srikrishnan 2012; Hong
and Nielsen 2012; Galanie et al. 2015; Young et al. 2018).
While valuable for converting hexoses to ethanol, engi-
neering S. cerevisiae to consume other carbon sources
and produce other economically valuable compounds can
require extensive reprograming, which imposes metabolic
and gene expression burden (Karim et al. 2013; Li et al.
2022). This limitation has led to a growing body of litera-
ture that investigates other yeasts, termed nonconventional
simply because they are not S. cerevisiae, as potential hosts
for metabolic engineering since they are already adapted to
consume desired carbon sources, produce desired classes of
molecules, and tolerate different fermentation conditions;
thus, less burden is incurred when engineering them (Yagu-
chi et al. 2017; Lobs et al. 2017).

Despite their promise, developing genomics and genetic
tools in nonconventional yeasts is challenging. This is
because a high-quality genome, gene regulatory data,
genetic parts and tools for genome engineering, and effi-
cient transformation procedures are often missing. The pro-
cess of developing these elements, termed “onboarding,”
can be accelerated for nonconventional ascomycete yeasts
closely related to S. cerevisiae because the genomics and
genetics are similar, permitting transfer of similar promoter
and plasmid designs (Durmusoglu et al. 2023). Onboard-
ing organisms from relatively unknown classes, particularly
basidiomycete yeasts, does not have this advantage because
there is not a closely related model organism.

Xanthophyllomyces dendrorhous is a nonconventional
yeast that has gained attention in the aquaculture (Storeb-
akken et al. 2004) and nutraceutical (Ambati et al. 2014)
industries due to its natural ability to produce astaxanthin,
a vibrant red pigment with potent antioxidant proper-
ties (Naguib 2000). Because of its industrial potential, X.
dendrorhous research has been centered around response
to stressors (Santopietro et al. 1998), ability to utilize low-
cost carbon sources (Gervasi et al. 2018; Lai et al. 2023),
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mutagenesis (Gassel et al. 2013), astaxanthin extraction
techniques (Mussagy et al. 2022), and characterization of
carotenogenic-adjacent pathways and enzymes (An et al.
1999). Several studies have reported genetic engineering of
X. dendrorhous, including knock-out of genes (Loto et al.
2012) and increasing gene copy number (Breitenbach et al.
2011; Ledetzky et al. 2014).

A high-quality genome sequence, a modular gene expres-
sion parts collection, and efficient transformation methods
are needed for a nonconventional organism to become a host
for high-throughput genome engineering. To that end, suc-
cessful transformation of X. dendrorhous was first reported in
1997 (Wery et al. 1997). Yet, while X. dendrorhous currently
has several genomes sequenced (Sharma et al. 2015; Bellora
et al. 2016), these lack the chromosomal resolution that can
now be achieved with modern hybrid resequencing methods
that combine short and long reads (Collins et al. 2021). Addi-
tionally, X. dendrorhous lacks a modular gene expression part
collection. So far, only 8 constitutive promoters from central
carbon metabolism are available (Rodriguez-Saiz et al. 2009;
Hara et al. 2014). Furthermore, complex but uncharacterized
regulation of the astaxanthin biosynthetic pathway limits uti-
lization of this organism as a platform for production (Tropea
et al. 2013; Stachowiak 2013; Huang et al. 2022; Li et al.
2023). Therefore, a combined genomics and transcriptomics
effort could reveal the key regulatory targets for metabolic
engineering and yield additional promoters for high-through-
put genome engineering.

Here, we describe an omics-driven workflow from
genome sequencing and transcriptomics to a modular gene
expression parts collection for X. dendrorhous. The tran-
scriptomics data generated allows insights into the genetic
basis of how light affects carotenogenic gene expression and
utilizes this new understanding to develop a modular parts
library in X. dendrorhous. The final parts collection contains
26 promoters within a hierarchical “GoldenGate” Type IIS
enzyme assembly strategy that includes terminators, selec-
tion markers, reporters, and integration cassettes. Therefore,
this combined systems and synthetic biology approach deliv-
ers insight, parts, and tools for a nonconventional yeast with-
out a closely related model.

Material and methods
Strains and media

The X. dendrorhous type strain CBS 6938 (ATCC 96594)
was cultured at 21 °C in YPD (YEP, Sunrise Science, Knox-
ville, TN, USA, 1877-1 KG) plus 20 g/L glucose, Alfa Aesar,
Haverhill, MA, USA, A16828) media for all experiments. For
all light plate apparatus experiments, the X. dendrorhous seed
cultures were shielded from any external light by wrapping
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the flasks with aluminum foil. X. dendrorhous transformants
were selected using YPD with 30 mg/L nourseothricin (Jena
Bioscience, Jena, Germany, AB-101-10ML). Solid media
plates were made using 20 g/L agar (Sunrise Science, Knox-
ville, TN, USA, 1910-1 KG). Golden gate (Type IIS) cloning
was conducted using chemically competent Escherichia coli
DH5a cells (NEB, Ipswich, MA, USA, C2987H). Construc-
tion of destination vectors with the toxic selection marker
ccdB was done with chemically competent One Shot ccdB
Survival 2 TIR E. coli cells (Invitrogen, Waltham, MA, USA,
A10460). Both E. coli strains were grown in 25 g/LL LB Miller
broth (Fisher Scientific, Hampton, NH, USA, BP1426-2) at
37 °C. Antibiotic selection was carried out using 100 mg/L
carbenicillin (Alfa Aesar, Haverhill, MA, USA, J61949),
25 mg/L chloramphenicol (Alfa Aesar, Haverhill, MA, USA,
B20841), and 50 mg/L kanamycin (Alfa Aesar, Haverhill,
MA, USA, J61272) for level 0, level 1, and level 2 assem-
blies, respectively.

gDNA isolation and sequencing

Isolation of gDNA from X. dendrorhous and next-gen-
eration sequencing was performed as described by Col-
lins et al. (2021). Benchmarking universal single-copy
ortholog (BUSCO) analyses were conducted on nine
publicly available X. dendrorhous genomes using basidi-
omycota_odb10 for a lineage, Augustus 3.2 for gene pre-
diction, and Ustilago maydis as the Augustus species
(Stanke et al. 2006; Manni et al. 2021a, b; Manni et al.
2021a, b). Genomes were sourced from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/) and assembly identifiers
were as follows; GCA_001007165.2 (Sharma et al. 2015),
GCA_001600435.1 (RIKEN Center for Life Science Tech-
nologies, Wako, Japan 2016), GCA_001579715.1 (Bel-
lora et al. 2016), GCA_014706385.1 (Gémez et al. 2020),
GCA_019201825.1 (Xiamen Canco Biotech Co., Fujian,
China 2021), GCA_023566135.1 (Nanjing Tech Univer-
sity, Nanjing, China 2022), GCA_028533015.1 (Luna-Flores
et al. 2022), GCA_022059005.1 (Jilin Agricultural Univer-
sity 2022), and GCA_037127225.1 (this study).

Construction of a light plate apparatus for various
light wavelengths

The light plate apparatus (LPA) was assembled following a user’s
manual published by the Tabor lab at Rice University (Gerhardt
et al. 2016). The LPA is an instrument capable of shining two
individual LED lights on cell cultures in a 24-well plate. It is
comprised of a 3D-printed shell surrounding a soldering board
with 48 LED light sockets oriented below a 24-well plate with
a clear bottom (Arctic White LLC, Lehigh Valley, PA, USA,
AWLS-324042). The LPA allows each culture to be exposed to
two unique LED lights without disrupting neighboring cultures.

RNA isolation from the light plate apparatus

LPA cultures were started in 2 mL of YPD media at
ODgyp=1 and shaken for 4 h at 200 rpm while exposed
to one red (=660 nm), green (A=565 nm), blue
(A=470 nm), white (visible light spectrum), or UV LED
light (A=400 nm), or no LED light. For the transcriptome
sequencing experiments, the hydrogen peroxide condition
replaced the white light condition. The hydrogen peroxide
condition consisted of YPD media with hydrogen peroxide
at a concentration of 10 mM and had no LED light. Then,
1 mL of X. dendrorhous culture was taken forward for RNA
isolation, which used a cell homogenization and TRIzol-
based method. X. dendrorhous cells were first resuspended
in 200 pL of cell lysis buffer (0.5 M sodium acetate, 5%
sodium dodecyl sulfate (SDS), and 1 mM ethylenediamine-
tetraacetic acid (EDTA)) and transferred to pre-filled tubes
with 400-micron zirconium beads (OPS diagnostics, Leba-
non, NJ, USA, PFMB 400-100-34). The cells were homog-
enized using a FastPrep-24 machine from MP Biomedical,
Irvine, CA, USA, for two cycles at 6 m/s for 30 s each, with
a 1-min incubation on ice between each cycle. Then, 800
pL of TRIzol reagent (Invitrogen, Waltham, MA, USA,
15,596,026) was then added to the cell lysate and incubated
on ice for 10 min, followed by two more cycles on the Fast-
Prep machine. On ice, 100 pL of 1-bromo—3—chloropropane
(Sigma Aldrich, Burlington, MA, USA, B9673-200ML) was
added to the cell lysate, inverted to mix, and incubated for
5 min. The tubes were spun down at 4 °C for 14,000 x g for
15 min. Then, 400 pL of supernatant was transferred to 400
pL of 100% ethanol. The RNA was purified using the Mon-
arch Total RNA Miniprep Kit (NEB, Ipswich, MA, USA,
T2010S) following the supplier’s instructions.

gRT-PCR evaluation of carotenogenesis pathway
activity in response to light exposure

RNA samples were converted to cDNA using the Protoscript
II First-Strand cDNA Synthesis Kit (NEB, Ipswich, MA,
USA, E6560S) following the supplier’s standard protocol
instructions. RT-qPCR was then performed using IDT’s
PrimeTime Gene Expression Master Mix (Integrated DNA
Technologies Inc., Coralville, IA, USA, 1,055,772) and
PrimeTime qPCR pre-mixed assay with probes and primers.
Sequences can be found in Supplemental Table S1. Probes
targeting genes-of-interest were labeled with fluorescein
amidite (FAM) fluorophores and probes targeting the actin
housekeeping gene were labeled with hexachlorofluorescein
(HEX) fluorophores. qRT-PCR was performed in triplicate.
Primers were designed on Benchling (https://benchling.
com/) and optimal probe placement was determined using
PrimerQuest (https://www.idtdna.com/PrimerQuest). The
QuantStudio 6 Flex system (Applied Biosystems, Waltham,

@ Springer


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://benchling.com/
https://benchling.com/
https://www.idtdna.com/PrimerQuest

547 Page 4 of 18

Applied Microbiology and Biotechnology ~ (2024) 108:547

MA, USA, 4,485,699) was used, and instructions provided
by Integrated DNA Technologies for the standard cycling
protocol were followed. qRT-PCR bar graphs were gener-
ated using GraphPad Software, Boston, MA, USA (www.
graphpad.com).

RNA transcriptome sequencing and differential
gene expression analysis

cDNA preparation and sequencing were performed per
JGI’s standard workflow. Raw FASTQ file reads were fil-
tered and trimmed using the Joint Genome Institute (JGI)
QC pipeline (Clum et al. 2021). Filtered reads from each
library were aligned to the reference genome using HISAT
version 0.1.4-beta (Kim et al. 2015). featureCounts (Liao
et al. 2014) was used to generate the raw gene counts
file using gff3 annotation. Raw gene counts were used to
evaluate the level of correlation between biological rep-
licates using Pearson’s correlation (Benesty et al. 2009)
and determine which replicates would be used in the dif-
ferential gene expression (DGE) analysis. DESeq?2 (ver-
sion 1.10.0) was subsequently used to determine which
genes were differentially expressed between pairs of con-
ditions (Love et al. 2014). The parameter used to call a
gene differentially expressed between conditions was a
p-value <0.05. Three biological replicates were performed
for each treatment. Promoter names were determined by
comparing gene annotations across ERGO’s gene ontol-
ogy, Interpro, JGI predictions, and BLAST results, as
shown in Supplemental Table S2. Heatmaps were gen-
erated through GraphPad Software, Boston, MA, USA
(www.graphpad.com) and Adobe Illustrator (https://adobe.
com/products/illustrator). Microsoft Powerpoint (https://
office.microsoft.com/powerpoint) was used to generate
protocol figures.

Gene set enrichment analysis

Annotated X. dendrorhous CBS 6938 genome and gene
count table from mapped transcriptomic reads were
uploaded to ERGO 2.04 (Igenbio, Chicago, IL, USA) (Over-
beek 2003). Genes were functionally enriched according to
ERGO groups using GAGES (Luo et al. 2009).

Polymerase chain reaction (PCR)

All PCRs were done using Q5 2X Master Mix (NEB,
Ipswich, MA, USA, M0492L). Primers were designed on
Benchling (https://benchling.com/). The OligoAnalyzer
tool from Integrated DNA Technologies (IDT) (https://
www.idtdna.com/pages/tools/oligoanalyzer) and the NEB
T,, Calculator (https://tmcalculator.neb.com/) were used
to check primer features. All primers were ordered from
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Integrated DNA Technologies, Coralville, IA, USA. PCR
reactions closely followed NEB instructions. Briefly, reac-
tions were done in 50 pL total volume; 25 pL Q5 Master
Mix, 2.5 pL of each primer, X pL of template DNA (1 ng
plasmid DNA or 100 ng genomic DNA), and 20-X pL
nuclease free water (VWR, Radnor, PA, USA, 02-0201-
0500). Reactions were run on a thermocycler following the
manufacturer instructions.

Gibson cloning

Gibson assembly was used to construct destination vec-
tors, which were designed for Type IIS-based cloning.
Benchling (https://benchling.com/) was used to simulate
Gibson assemblies. Reactions closely followed instruc-
tions from the NEBuilder HiFi DNA Assembly Master
Mix (NEB, Ipswich, MA, USA, E2621S). Fragments were
amplified with PCR and designed to have 20-30-bp over-
laps. The Dpnl enzyme was used to digest template plas-
mid or X. dendrorhous genomic DNA according to the
manufacturer’s instructions (NEB, Ipswich, MA, USA,
RO0O176S). Calculations and conversions were performed
with aid of NEBioCalculator (https://nebiocalculator.neb.
com). The amplified fragments were purified using the
Zymo Clean and Concentrator Kit (Zymo, Irvine, CA,
USA, D4005), followed by dilution to 0.2 pmols for 2-3
fragments or 0.5 pmols for 4 or more fragments. The frag-
ments, 10 pL. of HiFi master mix, and nuclease free water
were combined in a PCR tube for a 20-pL total reaction
volume. The mixture was run on a thermocycler at 50 °C
for 60 min, with a hold at 10 °C.

Type lIS cloning and parts

A modular, hierarchical Type IIS cloning scheme was used
to construct genetic designs for integration into X. den-
drorhous (Iverson et al. 2016). This scheme consisted of
three levels: transcriptional parts (level 0), transcription
units (level 1), and integrative pathways (level 2). Clon-
ing reactions were based on the enzymes BbsI (Thermo
Scientific, Waltham, MA, USA, ER1011) or Bsal (NEB,
Ipswich, MA, USA, R3733). Benchling (https://benchling.
com/) was used to simulate Type IIS reactions. Cloning
reactions consisted of 1 pL of N parts, 1 pL of Bsal or
Bbsl, 1 p L of 10X Ligase Buffer, 0.4 pL of T4 DNA ligase
(Promega, Madison, WI, USA, M1794), and 7.9 — N pL
of nuclease free water, where N is the number of parts.
Reactions were run on a thermocycler at 37 °C for 5 h,
50 °C for 15 min, 80 °C for 20 min, and a hold at 10 °C.
All genetic parts used in this study can be found in Sup-
plemental Table S3. All cloning vector maps can be found
in Supplemental Fig. S1.
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Minimum inhibitory concentration assay

X. dendrorhous cultures were diluted with YPD to an
ODg,=1.0 and 100 pL was pipetted into columns 2—11 of
a 96-well plate (Corning, Corning, NY, USA, 3596). Col-
umn 11 served as a positive control of only X. dendrorhous
culture. A negative control of 100 pL. YPD was pipetted into
column 12. The antifungals hygromycin (ThermoFisher,
Waltham, MA, USA, 10,687,010), zeocin (Jena Bioscience,
Jena, Germany, AB-103S), geneticin (ThermoFisher,
Waltham, MA, USA, 10,131-035), and nourseothricin (Jena
Bioscience, Jena, Germany, AB-101L) were chosen for the
experiment. Stocks of each antifungal were made in concen-
trations of 5120 pg/mL and 7680 pg/mL. Five biological
replicates of antifungal concentration were made by pipet-
ting 200 pL of an antifungal into three wells of column 1. A
multichannel pipette was used to perform a serial dilution to
column 10. At column 10, 100 pL of the culture and antibi-
otic mixture was pipetted and discarded, leaving 100 pL of
mixture in every well. The 96-well plates were incubated at
21 °C for 3 days. The ODg, was measured using Biotek’s
Gen 5 software on a BioTek Synergy H1 plate reader (Agi-
lent, Lexington, MA, USA, SH1FSN) with column 12 as a
blank. Survival percentage was calculated by the following

. Dol
equation: LDt , 100% where ODg0A represents the aver-
0Dy, PC

age ODy, associated with a certain antibiotic concentration
and OD,PC represents the average ODy, for the positive
controls in column 11. Outliers were calculated using an
interquartile range and were excluded in survival percent
calculations. Outliers were distributed nearly evenly across
all four antibiotics treatments with 16 in the hygromycin
data, 13 in the nourseothricin data, 15 in the zeocin data, and
20 in the geneticin data. Outliers were calculated and
removed due to imperfect measurements of plate readers
with heavy yeast cells, such as X. dendrorhous. Data calcula-
tions and figures were made with Microsoft Excel (https://
office.microsoft.com/excel).

X. dendrorhous transformation

Integrative pathway DNA for transformation was excised
from level 2 vectors with a Bsal digestion. This digestion
was comprised of 40 pL plasmid DNA, 5 pL 10X CutSmart
Bulffer, 2 pL. Bsal, and 3 pL nuclease free water. The reaction
was run at 37 °C for 10 h, 80 °C for 20 min, and a hold at
10 °C. The resulting DNA fragments were then purified with
the Zymo Clean and Concentrator Kit (Zymo, Irvine, CA,
USA, D4004) and were ready for transformation. X. den-
drorhous transformations were based on an electroporation
method described by Visser et al. (2005). X. dendrorhous
was first streaked on a YPD agar plate and grown at 21 °C
for approximately 2 days. A single colony was used to

inoculate 50-mL YPD media in a 125-mL Erlenmeyer flask.
The cells were shaken at 21 °C and 200 rpm for another
2 days. These cells were then used to inoculate 200 mL of
YPD in a 1-L Erlenmeyer flask at OD¢y,=0.02. The cells
were grown at 21 °C and 200 rpm until reaching ODg,=1.2
(approximately 20 h). From here, the cells were pelleted
at 1500 x g for 5 min and resuspended in 25 mL of freshly
made 50 mM potassium phosphate buffer (pH="7.0, Sigma
Aldrich, Burlington, MA, USA, P8281-100G and P9791-
100G) with 25 mM diothiothreitol (Acros Organics, Geel,
Belgium, 426,380,500). The cells were incubated at room
temperature for 15 min and then pelleted at 4 °C for 5 min at
1500 x g. The cells were then washed with 25 mL of ice cold
STM buffer (pH="7.5, 270 mM sucrose, Millipore Sigma,
Burlington, MA, USA, 1.07651.5000, 10 mM Tris HCI, Alfa
Aesar, Haverhill, MA, USA, 167233, 1 mM MgCl,, VWR,
Radnor, PA, USA, E525-100ML) and spun down again at
4 °C for 5 min at 1500 x g. This wash step was repeated and
followed by resuspension of the pellet in 500 pL of STM
buffer. Now electrocompetent, the cells were divided into
60 pL aliquots and kept on ice until electroporation. Then,
10 pL of transforming DNA was mixed with a 60 pL aliquot
and transferred to an ice cold 0.2-cm electroporation cuvette
(ThermoFisher, Waltham, MA, USA, 21-237-2). Electropo-
ration was performed with a Gene Pulser electroporator
(Bio-Rad, Hercules, CA, USA, 1998.018.1, 1998.018.2, and
1998.018.3) at 0.8 kV, 1000 Ohms, and 25 pF. Immediately
following the electric pulse, 500 pL of ice cold YPD was
added to the cuvette. This mixture was then transferred to
4 mL of YPD in a 14-mL Falcon tube and grown overnight
on a rotating drum. The next morning, the cells were spun
down for 5 min at 1500 X g, resuspended in 500 mL of fil-
tered water, and spread onto selection plates. The plates were
incubated at 21 °C until colonies appeared, which typically
occurred in 2-3 days. All strain modifications performed on
CBS 6938 can be found in Supplemental Table S4. Micro-
soft PowerPoint (https://office.microsoft.com/powerpoint)
was used to generate protocol figures.

Astaxanthin extraction from wild-type and crtYB
knockouts

X. dendrorhous CBS 6938 wild-type and crtYB knockout
strains were grown for 3 days in the dark at 21 °C and
200 rpm. Then, 1 mL of culture was taken forward and
centrifuged at 10,850 x g for 10 min. The cell pellet was
washed with Milli-Q filtered water twice before resuspen-
sion in 1 mL of acetone (Sigma Aldrich, Burlington, MA,
USA, 34,850-1L). Cell and acetone mixtures were poured
into pre-filled tubes of 400-micron zirconium beads (OPS
Diagnostics, Lebanon, NJ, USA, PFMB 400-100-34)
and then transferred to snap-cap microcentrifuge tubes
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(Eppendorf, Framingham, MA, USA, 022363743). The
Bullet Blender Storm Pro tissue homogenizer (NextAd-
vance, Troy, NY, USA, BT24M) was used at 12 m/s for
5 min to mechanically lyse the cells. Afterward, tubes
were centrifuged for 10,850 X g for 10 min. Then, 200 pL
of supernatant was pipetted into a nylon syringeless fil-
ter (Cytiva, Marlborough, MA, USA, UN203NPENYL)
and transferred to a 2-mL chromatography vial (Agilent,
Lexington, MA, USA, 5181-3376) with a glass vial insert
(5183-2085) and crimp top cap (Agilent, Lexington, MA,
USA, 8010-0051).

Chromatography (UPLC) detection of astaxanthin

Ultra-performance liquid chromatography (UPLC) analysis
was performed using a modified method from Bohoyo-Gil
et al. (2012). Modifications include an injection volume of
10 pL, usage of a Shimadzu Nexcol C18 column (1.8 um,
50 mmXx2.1 mm) (Shimadzu, Columbia, MD, USA,
220-91394-03), and analysis on the Nexera Series UPLC
(Shimadzu, Columbia, MD, USA; RF-20AXS, RID-20A,
SCL-40, DGU-403, DGU-405, CTO-40C, SPD-M40, C-40
LPGE, LC-40D XS, SIL-40C XS). The flow rate was 0.3 mL/
min and a gradient method was performed. The mobile phase
consisted of water treated formic acid (0.1%) (A) acetonitrile
(B), ethyl acetate (C), and methanol (D). The gradient fol-
lowed: 0.00—4.00 min, 85% A and 15% C; 4.00—4.01 min,
60% A, 20% B, and 20% C with a hold until 9 min; and
9.00-9.01 min, 85% A, 15% D with a hold until 10 min. The
UV-vis spectra were recorded between 190 and 600 nm.
Peaks were detected at 460 nm. The column temperature was
maintained at 28 °C. Sample temperatures were maintained at
4 °C. The retention time of astaxanthin was 0.96+0.02. The
Shimadzu LabSolutions software (https://www.ssi.shimadzu.
com/products/software-informatics/labsolutions-series/labso
lutions-cs) and Microsoft Excel (https://office.microsoft.com/
excel) were used for analysis. Adobe Illustrator (https://adobe.
com/products/illustrator) was used to edit chromatograms.

Bioluminescence detection assay

LPA cultures were started in 2 mL of YPD media at ODgy,=1
and shaken for 24 h at 200 rpm. X. dendrorhous was exposed
to either a UV (1=400 nm) or dark (no LED light) condition.
Bioluminescence was detected using the Nano-Glo Luciferase
Assay System (Promega, Madison, WI, USA, N1110). Assay
buffer and assay reagent were mixed in a 50: 1 ratio to cre-
ate to assay solution. Aliquots of 50 pL of X. dendrorhous
cells were mixed with 50 pL assay solution in a 96-well plate
(Corning, Corning, NY, USA, 3904). Bioluminescence was
measured on a BioTek Synergy H1 plate reader (Agilent, Lex-
ington, MA, USA, SHI1FSN) with Biotek’s Gen 5 Software
for Imaging and Microscopy (https://www.agilent.com/en/
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product/cell-analysis/cell-imaging-microscopy/cell-imagi
ng-microscopy-software/biotek-gen5-software-for-imaging-
microscopy-1623226). Microsoft Excel (https://office.micro
soft.com/excel) was used to generate figures.

Results

High-quality contiguous genome of X. dendrorhous
CBS 6938

A high-quality X. dendrorhous CBS 6938 genome was
obtained through our previously reported workflow (Col-
lins et al. 2021). The resulting resequenced genome consists
of sixteen contigs over 100-kb long, and relative lengths of
the contigs are depicted in Supplemental Fig. S2a. We com-
pared this genome to eight publicly available genomes (Sup-
plemental Table S5). Comparatively, the genome obtained
in this study has the second least number of contigs over-
all and contigs over 100-kb long while maintaining a large
ungapped genome size of 19.5 Mb. The only genome that
outperforms these genome statistics is that of Gomez et al.
[2020]. However, subsequent benchmarking universal sin-
gle-copy ortholog (BUSCO) analysis revealed that the rese-
quenced CBS 6938 genome reported here contains 76.7%
complete and single-copy BUSCOs, which is marginally
greater than most publicly available genomes, including that
reported by Gémez et al. [2020] (Supplemental Fig. S2b).

Foundational genetic tools for onboarding X.
dendrorhous

In addition to obtaining an accurate genome sequence, we per-
formed a set of experiments to make X. dendrorhous easier to
engineer. We first examined available selection agents. Rather
than seek to create synthetic auxotrophy, which has a variety of
metabolic impacts (Miilleder et al. 2012), we screened for anti-
biotic sensitivity to geneticin, hygromycin, nourseothricin, and
zeocin (Wery et al. 1997; Gassel et al. 2013; Yamamoto et al.
2016). The results of the minimum inhibitory concentration
(MIC) assay (“Material and methods”) are shown in Fig. la.
The most effective compound was found to be nourseothricin
with 11.6% cell survival at a concentration of 10 ug/mL. Thus,
we synthesized a X. dendrorhous codon optimized version of
the natR gene for selection in subsequent engineering, termed
XdNatR (sequence in Supplemental Table S3).

We then designed a modular cloning system for rapidly
assembling X. dendrorhous genetic elements (Fig. 1b). This
system uses the same enzymes and scars as previously pub-
lished modular cloning systems based on Type IIS restric-
tion enzymes, often termed GoldenGate assembly (Iverson
et al. 2016; Young et al. 2018). Like those systems, the X.
dendrorhous system consists of level 0 genetic elements
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Fig. 1 Improving foundational X. dendrorhous genetic tools. a Mini-
mum inhibitory concentration (MIC) results depicting the survival
percentage of X. dendrorhous CBS 6938 when exposed to the anti-
biotics zeocin, geneticin, hygromycin, and nourseothricin. b Hierar-
chical Type IIS enzyme assembly strategy to generate fragments for
homologous recombination into the crtYB site. ¢ Servier Medical Art
(https://creativecommons.org/licenses/by/4.0/) depiction of the high-
efficiency transformation procedure. d Confirmation of deletion of

(individual promoters, genes, and terminators), level 1 tran-
scription units (combinations of promoters, genes, and termi-
nators), and level 2 integrative plasmids that have homology
arms and the ability to integrate several transcription units
along with a selection marker (Supplemental Fig. S1). Yet,
there are two significant differences. The first is that the lacZ
element in the destination plasmids is replaced with the lethal
gene ccdB to shift from blue/white screening of correct clones
to a system where only correct clones grow on a selection plate
(Bernard et al. 1994). The second is that the homology arms
for S. cerevisiae were replaced with X. dendrorhous homology

Nanoluc Nanoluc (crtYB:
NatMX  NatMX NatMX)

crtYB activity via UPLC. Wild-type is shown in red and the crtYB
knockout is shown in black. Overlapped UPLC chromatograms show
the lack of astaxanthin at a retention time of 0.998 min in the strain
with the XdNatMX cassette inserted. e Luminescence (arbitrary units)
of two strains expressing Nanoluc with strong constitutive promoters,
P, and P, the X. dendrorhous crtYB::NatMX deletion, and the X.
dendrorhous CBS 6938 wild type. Abbreviations for genes: Nanoluc:
nanoluciferase; NatMX: nourseothricin resistance transcription unit

arms flanking the crtYB gene derived from the resequenced
genome (Supplemental Table S3). Since the crtYB gene prod-
uct catalyzes the first committed step in visibly colorful ter-
penoid production, replacement of crtYB creates a facile red/
white screening method for correctly integrated clones.

To optimize the transformation protocol, an integra-
tive element targeting crtYB was built using the elements
described above. The known glutamate dehydrogenase pro-
moter (P,,,) and the glycerol-3-phosphate dehydrogenase
terminator (T,,,) were combined to express XdNatR, creat-
ing an XdNatMX resistance cassette. This was subsequently
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cloned into the integrative pJHCcrtYB1000 plasmid and
transformed into X. dendrorhous CBS 6938. In our hands,
the efficiency of the published transformation was low
(Wery et al. 1997), so several modifications were made as
described in “Material and methods” and shown in Fig. 1c.
Ultra-high-performance liquid-chromatography (UPLC)
confirmed successful crtYB knock-out—astaxanthin peaks
were detected in wild-type but not knock-out extractions
(Fig. 1d). Thus, with the design of the integration cassette
and confirmation of the transformation protocol, efficient
and targeted integration of DNA via homologous recom-
bination into the X. dendrorhous genome was perfomed.

We then cloned a luminescent reporter, NanoLuc (Eng-
land et al. 2016), under the control of two of the known
strongest promoters, P, and P_;,,, into our modular clon-
ing scheme along with XdNatMX (Fig. 1b), integrated it
into the genome, and measured expression via luciferase
assay (Fig. le). NanoLuc-producing cells created approxi-
mately 1000-fold greater luminescence compared to the
crtYB knockout strain, and nearly 10,000-fold greater lumi-
nescence compared to the parent strain. The higher lumi-
nescence observed from the crtYB knockout strain may be
attributed to biological autoluminescence, a phenomenon
that has been found to be directly related to oxidative stress
(Bereta et al. 2021). Together, these experiments defined
selections, reporters, and an integration site for a modular
parts collection in X. dendrorhous CBS 6938.

Gene expression analysis for part derivation
and elucidating photobiology

Of the 8 current available promoters for X. dendrorhous, only
P4 and P, have high strength (Hara et al. 2014). Therefore,
there is a need for more promoters to enable simultaneous
expression of multiple genes in this organism. Furthermore,
previous work has shown that astaxanthin metabolism is stim-
ulated by oxidative stress and light (Vazquez 2001; Tropea
et al. 2013; Stachowiak 2013; Li et al. 2022), and a white
collar 2 transcription factor has been discovered in X. den-
drorhous (Huang et al. 2022), hinting that X. dendrorhous may
possess stress and light-inducible transcriptional machinery.
Transcriptomics, and particularly differential gene expression
(DGE) analysis, can identify both constitutive and regulated
genes, which could yield promoters with desired regulation
patterns. Yet, it remains unclear if the oxidative and light
responses are transcriptionally mediated.

Thus, before conducting transcriptomics, we used the
genome sequence to design quantitative polymerase chain
reaction (QPCR) probes to target genes in the terpenoid
(MVK, PMVK, MVD, IDI, FPS, and crtE) and carotenogenic
(crtYB, crtl, and crtS) pathways. We compared the expression
of these genes in the dark and under ultraviolet light exposure
(“Material and methods”). The log2 fold change (light/dark)

@ Springer

of each gene in the pathway is depicted in Fig. 2. Upstream
genes MVK, PMVK, MVD, IDI, FPS, and crtE exhibited lit-
tle to no change in expression between dark and ultraviolet
conditions. However, the expression of crtYB, crtl, and crtS
was upregulated. Notably, the crtl gene showed the highest
log2 fold change. This indicates that carotenoid biosynthesis
is light regulated through transcriptional activation, while the
upstream terpenoid pathway to the diterpenoid intermediate,
geranylgeranyl pyrophosphate, is unaffected.

Transcriptomics elucidates X. dendrorhous
photobiology

Once we established that light influenced carotenogenic tran-
scriptional regulation, we designed a transcriptomics experi-
ment to quantify differential gene expression across dark,
ultraviolet, blue, green, and red light, with hydrogen peroxide
oxidative stress as a control (Fig. 3a). To perform the experi-
ment, we constructed a Light Plate Apparatus (LPA) to culture
X. dendrorhous under a variety of conditions (Gerhardt et al.
2016). Sequencing of the samples was done by the Department
of Energy Joint Genome Institute, through their Community Sci-
ence Program, and log2 fold-change in Fragments Per Kilobase
of transcript per Million (FPKM) was calculated relative to gene
expression in the dark using DESeq?2 (“Material and methods”).

The impact of light and oxidative stress on the gene
expression of several key cellular processes is shown in
Fig. 3. This includes the terpenoid and carotenoid pathway
(Fig. 3b), putative photoreceptor genes (Fig. 3¢), and the top
differentially expressed genes in UV and oxidative stress
(Fig. 3d and e, respectively).

The terpenoid and carotenoid pathway data corroborated
our previous evidence that exposure to ultraviolet light leads to
upregulated expression of cr#l with a log2 fold-change of 0.90.
This is below the typically accepted significant log2 fold-change
of 1.0, yet the other genes in terpenoid and carotenoid metabo-
lism had no significant changes even at a low threshold of log2
fold-change 0.5. In contrast, oxidative stress upregulated genes
in both pathways (MVK, PMVK, IDI, FPS, crtYB, and crtl),
with IDI having the greatest increase (log2 fold-change of 1.79).
This finding is significant because IDI is a known bottleneck for
the mevalonate pathway in other organisms (Shin et al. 2022).
Therefore, a deregulated /DI could be a target for increasing flux
through the terpenoid pathway in X. dendrorhous.

The light response systems in X. dendrorhous are relatively
unknown, save white collar 2 (Huang et al. 2022). However,
systems such as cryptochrome, BLUF-domain, thodopsin, and
photolyase are known in other fungi, including the distantly
related basidiomycete U. maydis (Yu and Fischer 2019; Brych
et al. 2021). Therefore, we searched the X. dendrorhous CBS
6938 genome with BLAST for putative fungal photoreceptor
proteins within the BLUF, rhodopsin, white collar, and cryp-
tochrome families (Fig. 3c). Photoreceptor proteins predicted
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Fig.2 Transcriptional response of terpenoid and carotenoid biosyn-
thesis in response to ultraviolet light exposure. Differential expression
between dark and ultraviolet as measured by the log2 fold change
(1og2FC) of RT-qPCR AACt values (“Material and methods”).
Upstream mevalonate and terpenoid genes are not affected by ultra-
violet, but downstream carotenoid biosynthetic genes crtl and crtS are
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to be in the same family were differentiated with arbitrarily
assigned numbers. We found that the putative cryptochromes
increased transcription most dramatically in ultraviolet and
blue light exposure. Additionally, putative white collar and
rhodopsin genes increased expression. This is evidence that
cryptochrome, rhodopsin, and BLUF-domain light response
systems exist in X. dendrorhous. The oxidative stress condition
corroborated that these genes were responding specifically to
light because these putative photoreceptors were downregu-
lated or unaffected by hydrogen peroxide.

Finally, we filtered the whole = genome transcriptomic
data for the twenty genes with the greatest changes in gene
expression under ultraviolet light. Of these twenty, ten upreg-
ulated and six downregulated genes had log2 fold-changes of
1.50 or greater (Fig. 3d). Upregulated genes include short-
chain dehydrogenase (SDR) which is involved in the induction
of light-regulated pathways (Bruchez et al. 1996), MSS4-like
protein (MSS4) which is involved in cell survival through cell
cycle regulation and actin cytoskeleton formation (Desriv-
ieres et al. 1998), and endonuclease III (Nth) which is directly
involved in response to ultraviolet stress through DNA repair
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upregulated, crt/ most strongly. Abbreviations for genes: MVK: meva-
lonate kinase; PMVK: phosphomevalonate kinase; MVD: diphospho-
mevalonate decarboxylase; IDI: isopentenyl-diphosphate isomerase;
FPS: farnesyl diphosphate synthase; crtE: geranylgeranyl pyrophos-
phate synthase; crtYB: bifunctional lycopene cyclase/phytoene syn-
thase; crtl: phytoene desaturase; crtS: cytochrome-P450 hydroxylase

(Serafini and Schellhorn 1999). These functions collectively
correspond to an expected stress response from ultraviolet
exposure (Sinha and Héder 2002). Another upregulated
gene encoding for conidiation-specific protein 6 (Con-6) is
involved in the reproductive cycle and is also upregulated
after blue-light exposure in Neurospora crassa (Olmedo et al.
2010). Unexpectedly, ultraviolet light upregulates expression
of glycogenin glucosyltransferase (GYG) (Smythe and Cohen
1991; Goldraij and Curtino 1996), an enzyme that initiates
glycogen nucleation, and E3 ubiquitin ligase (E3), which is
involved in growth and protein turnover (Cao and Xue 2021).
Also of note, four of the ten upregulated genes were pre-
dicted to result in hypothetical proteins, indicating that our
understanding of light response mechanisms is incomplete.
Several downregulated genes in ultraviolet are involved in
the cytochrome c system, including cytochrome c (CYCI)
itself, cytochrome c peroxidase (CCP) (Pelletier and Kraut
1992), and the heme activator protein (HAP3) involved in
cytochrome c regulation (Hahn and Guarente 1988). Others
are mitochondrial electron-transferring-flavoprotein dehydro-
genase (ETFQO) which is involved in the electron transport
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by ultraviolet light, and crt/ is also induced by oxidative stress. ¢
Transcriptional response of putative photoreceptor homologs identi-
fied by BLAST. The numbers for genes within each class are arbi-
trarily assigned. d Top ten ultraviolet upregulated and downregulated
genes. Abbreviations for genes: HP1-4: hypothetical proteins; SDR:
short-chain dehydrogenase; Con-6: conidiation-specific protein 6;
GYG: glycogenin glucosyltransferase; MSS4: phosphatidylinitosol-
4-phosphate 5-kinase; E3: E3 ubiquitin ligase; Nth: endonuclease
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sdhC: succinate dehydrogenase cytochrome b560 large subunit;
ACON: aconitate hydratase; ETFQO: electron-transferring-flavo-
protein dehydrogenase; CCP: cytochrome c¢ peroxidase; TR: unclas-
sified transcriptional regulator; NUCR: unclassified endonuclease;
CLO: caleosin; CYCI: cytochrome c; HAP3: transcriptional activator
heme activator protein. e Top ten H,0,-induced and H,O,-repressed
genes. Abbreviations for genes: HP5-8: hypothetical proteins; 7rxR:
thioredoxin reductase; NADPH DH: NADPH dehydrogenase; SAM:
S-adenosyl-L-methionine-dependent methyltransferase; TPx: thiore-
doxin reductase; SDR: short-chain dehydrogenase; CAT: catalase;
Fesl: Fesl-domain containing protein; MFS: major facilitator super-
family permease; PPR: pentatricopeptide repeat protein; PPOX:
protoporphyrinogen oxidase; SNF2: SNF2 family DNA-dependent
ATPase; TCRS: two-component sensor; RAD16: DNA repair protein;
PRP: pre-mRNA-processing-splicing factor; B1,6GnT: beta-1,6-N-
acetylglucosaminyltransferase; Ras! GEF: Rasl guanine nucleotide
exchange factor
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chain (Toplak et al. 2019), and caleosin (CLO) which is usu-
ally upregulated during stress (Rahman et al. 2018), succi-
nate dehydrogenase cytochrome b560 (sdhC) (Abraham et al.
1994), and aconitate hydratase (ACON) which is an indicator
of oxidative stress (Rakhmanova et al. 2023). Two further
genes are unclear but labeled as a transcriptional regula-
tor (TR) and endonuclease (NUCR). We then identified the
ten most upregulated and ten most downregulated genes in
the hydrogen peroxide exposure condition. Many of these
genes are expected and are different from the genes in the

Upregulated ERGO functional groups

4 =
3 H,0,

Enrichment
—log10(padj)

E

Enrichment
—log10(padj)

Eukaryotic DNA repair

Amino acid membrane transport
Phenylalanine deamination
Eukaryotic RNA processing

L- Phenylalanine degradation
L-Phenylalanine biosynthesis
Amino acid uptake PM fungal
Eukaryotic tRNA processing
L-Tyrosine biosynthesis

Degradation of aromatic amino acids

ERGO enrichment: m

Pentose phosphate pathway

light conditions, supporting the idea that light and oxidative
stresses elicit separate responses (Fig. 3e).

To more clearly analyze the overall metabolic response
to ultraviolet, genes were clustered into functional groups
using the ERGO™ Bioinformatics software from Igenbio.
Upregulation of functional groups is depicted in Fig. 4a,
along with their regulation pattern under oxidative stress.
Generally, DNA repair and amino acid metabolic functions
were upregulated. Interestingly, aromatic amino acid degra-
dation and modification were upregulated by both ultraviolet
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light and hydrogen peroxide, but amino acid uptake was only
upregulated in ultraviolet. Furthermore, electron transport,
glycolysis, gluconeogenesis, and carbohydrate metabolism
were downregulated (Fig. 4b). These results support the
general trends observed in the analysis of individual genes
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described above. Taken together, these observations quali-
tatively describe a large metabolic shift in response to UV,
depicted visually in Fig. 4c. X. dendrorhous likely redirects
flux from central carbon metabolism to carotenoids and
aromatic amino acids upon ultraviolet exposure. Aromatic
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«Fig.5 Deriving constitutive and regulated promoters from the tran-
scriptome. a FPKM counts of the ten strongest constitutive promot-
ers. Abbreviations for genes: HP9-11: hypothetical proteins; UspA:
universal stress protein A; Grgl: glucose-repressible protein 2; ADH:
alcohol dehydrogenase; MLRQ: NADH-ubiquinone reductase com-
plex 1 MLRQ subunit; RPL6: ribosomal protein L6P; RP: ribosomal
protein; RPLI9: ribosomal protein L19E. b FPKM counts of the top
10 inducible promoters, also shown in Fig. 3d. ¢ FPKM counts of
the top 6 repressible promoters, also shown in Fig. 3d. d Hierarchi-
cal DNA assembly and expression characterization workflow for each
of the 26 promoters. e Expression strength of the strong constitutive
promoters as measured by Nanoluc luminescence for recombinant
X. dendrorhous strains grown in the dark or exposed to ultraviolet
light. f Expression strength of the ultraviolet inducible promoters as
measured by Nanoluc luminescence for recombinant X. dendrorhous
strains grown in the dark or exposed to ultraviolet light. g Expres-
sion strength of the ultraviolet repressible promoters as measured
by Nanoluc luminescence for recombinant X. dendrorhous strains
grown in the dark or exposed to ultraviolet light. h Log2 fold change
of luminescence intensity for the inducible promoters. i Log2 fold
change of luminescence intensity for the repressible promoters

amino acids absorb ultraviolet and are also precursors to
other ultraviolet light absorbing molecules like melanin
and mycosporine compounds (Gilchrest et al. 1996; Bhatia
et al. 2011; Llewellyn et al. 2020). The activation of aro-
matic amino acid pathways in response to ultraviolet has not
been previously observed in basidiomycetes. These results
indicate that the response to ultraviolet in X. dendrorhous is
more extensive and complex than acting on carotenogenesis
alone. Furthermore, the significant fraction of hypothetical
proteins hints at additional unknown mechanisms that also
contribute to the response.

Transcriptomics-driven part selection allows
simultaneous derivation of constitutive
and regulated genetic parts

We then sought to leverage the DGE data to derive gene
expression parts. Since the data covered a variety of con-
ditions, we reasoned that it should be possible to derive
putative strong constitutive and regulated promoters. We
identified strong constitutive promoters by sorting each
transcriptomics dataset by fragments per kilobase of exon
per million mapped fragments (FPKM) count, choosing
the genes that had the highest and consistent FPKM counts
across conditions (Fig. 5a). Notably, the known strong ADH
promoter is among these, yet no other central carbon metab-
olism promoters are represented. This result challenges the
convention of simply selecting central carbon metabolism
promoters as genetic parts for yeasts. Furthermore, the DGE
data allowed selection of highly regulated promoters in
addition to constitutive. We selected promoters from the 16
genes in Fig. 3d that had log2 fold-changes of 1.50 or greater
when exposed to ultraviolet light (Fig. 5b, c, respectively).
We used the resequenced genome to obtain the promoter

regions upstream of each of these 26 promoters, as defined
by a JGI promoter analysis tool. These putative promoters
were then cloned into our modular cloning system to drive
expression of the luciferase reporter and integrated into the
genome (Fig. 5d).

Then, expression of each construct via a luciferase assay
in the dark and under ultraviolet exposure was measured
(“Material and methods”). As Fig. 5e shows, the constitu-
tive promoters result in high luminescence that does not
change between the dark and the light. Many of the puta-
tive activated promoters showed increased luminescence
in response to ultraviolet (Fig. 5f). However, most of these
increases were not large. The two strongest inducible pro-
moters were found to be that of the hypothetical proteins
HP3 and HP2 with log2 fold-changes of 3.01 and 1.47,
respectively (Fig. 5h). The putative repressed promoters
did not show any significant repression (Fig. 5g, i). We
reasoned that the long half-life of luciferase was confound-
ing measurement of repression. Thus, we designed a gPCR
experiment, and the results indicated no change in transcript
levels (data not shown). Therefore, it seems likely that the
promoter sequences selected do not contain the regulatory
elements, or there could be a variety of context-dependent
epigenetic factors.

Taken together, our results show that transcriptomics
driven part discovery can consistently derive strong constitu-
tive promoters, but inconsistently derive regulated promoters
due to a variety of possible factors. Even so, we were able to
discover ten strong promoters as well as two promoters that
can be activated by ultraviolet, one of which with ninefold
induction under ultraviolet. Thus, our part discovery efforts
generated a collection of constitutive and regulated promot-
ers that are compatible with our modular cloning system for
X. dendrorhous CBS 6938.

Discussion

In this study, a promising nonconventional yeast was sub-
jected to a set of genomics and genetics experiments that
transformed it into a host for advanced genetic engineering
and synthetic biology. This was done by obtaining a high-
quality resequenced genome, developing a modular genetic
part collection, analyzing gene regulation, and deriving pro-
moters from transcriptomic data. Now, it is possible to inter-
rogate the unique metabolism and photobiology of X. den-
drorhous in a similar manner to other nonconventional yeasts.

Our analysis of X. dendrorhous photobiology revealed
insights into the biological mechanisms of basidiomycete
light response. Although previous studies have indicated
that light increases astaxanthin production (Vazquez 2001;
Stachowiak 2013), we determined that light transcription-
ally regulates the carotenoid, or tetraterpenoid, pathway
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but not the upstream terpenoid pathway. The key node,
IDI, is also regulated by the oxidative stress response.
We also observed that X. dendrorhous engages a variety
of survival responses in response to ultraviolet, includ-
ing activation of DNA repair, activation of reproduction
pathways, repression of central carbon metabolism, and
repression of mitochondrial respiration. Aromatic amino
acid biosynthesis was also upregulated in addition to
tetraterpenoid biosynthesis, hinting that the biosynthesis
of other light absorbing compounds such as melanins and
mycosporines is important in the light response. We also
found evidence of multiple different fungal light response
systems, including cryptochromes, rhodopsins, and BLUF-
domains. Taken together, these data paint a picture of an
extensive and coordinated response to light. This complex
system is likely key to survival of X. dendrorhous in its
ecological niche of fallen trees at high altitudes (Libkind
et al. 2007), which would include extended periods of
intense ultraviolet exposure.

It is interesting to note that our genome integration approach
results in efficient on-target insertion of constructs via homolo-
gous recombination (HR). Our findings support the results of
others that X. dendrorhous CBS 6938 has an active HR path-
way (Hara et al. 2014), which is beneficial for future strain
engineering efforts. This highlights that not all nonconven-
tional yeasts favor the nonhomologous end joining (NHEJ)
mechanism (Schwarzhans et al. 2016; Schwartz et al. 2017).

Leveraging transcriptomics was not only key to gaining
insight into metabolic regulation, but also enabled selection
of constitutive and regulated gene expression parts. Tran-
scriptomics has been previously used to identify regulated
promoters in other yeasts (Gasser et al. 2015; Zahrl et al.
2017; Brink et al. 2023). This work builds on this prior evi-
dence, adding a modular cloning standard to create an omics-
to-parts workflow that can yield needed constitutive and
inducible promoters for construction of genetic devices. It is
notable that only one of the ten most transcribed promoters in
X. dendrorhous was from central carbon metabolism, which
challenges the convention that promoters from central carbon
metabolism genes are the best choice. Thus, this omics-to-
parts workflow may be a more effective route to obtaining
genetic parts collections for nonconventional yeasts.

Development of novel production platform hosts
requires an understanding of genome composition and
genetic regulation, which may also be used for genetic
tool and genetic part development. This work demonstrates
how an integrated genomics and genetics approach can
simultaneously deliver new biological understanding and
onboard a nonconventional organism, particularly a non-
conventional yeast with no closely related model organ-
ism. This integrated approach promises to enhance organ-
ism onboarding efforts.
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