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Abstract

Rhodotorula toruloides is an oleaginous yeast with great potential for chemical and biofuel production, due to its ability to uti-
lize lignocellulosic biomass and to produce high levels of carotenoids and storage lipids. However, its broader application in
biotechnology has been limited by the lack of efficient genetic transformation methods. Although protoplast transformation
is wildly used in fungal systems, it has remained largely unexplored in R. toruloides. In this study, we established a protoplast
transformation protocol using linear DNA fragments and R. toruloides strain BOT-A2, a recently isolated strain with high lipid-
producing potential. We first confirmed that BOT-A2 is a MAT A2 haploid strain. We then produced a $-1,3-glucomannanase
(Man5C) that effectively digests the R. toruloides cell wall. Key parameters affecting transformation efficiency were systemat-
ically optimized, including the Man5C digestion conditions, antibiotic selection pressure, cell growth phase, protoplast yield
and viability, PEG formulation, calcium ion concentration, and regeneration conditions. Using the optimized protocol, we suc-
cessfully transformed BOT-A2 with three heterologous resistance cassettes (hygromycin R, bleomycin, and G418) yielding 190,
226, and 244 transformants per g of DNA, respectively. This method provides a platform for genetic manipulation and is ex-

pected to facilitate both fundamental research and metabolic engineering in R. toruloides BOT-A2.

Keywords protoplast transformation, Rhodotorula toruloides, BOT-A2, linear DNA fragment, oleaginous yeast

Introduction

The oleaginous yeast Rhodotorula toruloides is capable of nat-
urally accumulating lipids exceeding 65% of its dry cell weight
and has emerged as a promising microbial chassis for the pro-
duction of diverse bioproducts, including carotenoids, terpenoids,
and fatty-acid-derived compounds (Zheng et al. 2025). In addition
to its high lipid content, R. toruloides can efficiently utilize both
C5 and C6 sugars commonly derived from lignocellulosic biomass
and exhibits strong tolerance to inhibitory compounds present
in unrefined substrates. Its ability to grow well at low pH also
helps reduce the risk of bacterial contamination (Hu et al. 2009,
Geiselman et al. 2020). These features make R. toruloides particu-
larly attractive for industrial scale bioproduction. In recent years,
it has been engineered to synthesize various value-added com-
pounds from lignocellulosic feedstocks, such as terpenoids, tri-
acetic acid lactone, and fatty alcohols (Kirby et al. 2021, Cao et al.
2022, Schultz et al. 2022).

Despite its potential, metabolic engineering of R. toruloides
remains significantly constrained by the lack of efficient and
reliable genetic tools. Development of such tools is crucial to
establish R. toruloides as a versatile microbial workhorse for
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industrial biotechnology. To date, four transformation meth-
ods have been reported for introducing exogenous DNA into R.
toruloides: protoplast-mediated transformation (PMT) (Tully and
Gilbert 1985), Agrobacterium tumefaciens-mediated transforma-
tion (ATMT) (Koh et al. 2014), electroporation (Liu et al. 2017), and
the lithium acetate method (Tsai et al. 2017).

PMT was first reported in R. toruloides in 1985, when Tully
etal. introduced the phenylalanine ammonia lyase (PAL) gene into
strain MS7013 (Tully and Gilbert 1985). However, the method was
found to be inefficient and the transformants showed poor ge-
netic stability, likely due to the absence of a stable plasmid sys-
tem. Consequently, no further studies have reported on its use in
this species. PMT has been widely applied in fungi such as Saccha-
romyces cerevisiae, Schizosaccharomyces pombe, Komagataella
phaffii (Pichia pastoris), Kluyveromyces. lactis, and Candida albi-
cans (Hinnen et al. 1978, Sreekrishna et al. 1984, Cregg et al. 1985,
Kurtz et al. 1986, Moreno et al. 1991). The standard transforma-
tion workflow involves enzymatic removal of the fungal cell wall
to generate protoplasts, followed by treatment with calcium ions
and polyethylene glycol (PEG) to facilitate DNA uptake (Gietz and
Woods 2001). The protocol consists of multiple steps, each requir-
ing strain-specific optimization (Fig. 1). Notably, the generation of
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Figure 1 Key parameters to consider and optimize during the protoplast transformation process in R. toruloides.

high-quality protoplasts is often difficult to standardize due to the
high variability in the fungal cell wall composition (Li et al. 2017).In
R. toruloides, the lack of a functional episomal plasmid system fur-
ther complicates the development of an efficient PMT workflow.

The R. toruloides strain BOT-A2 was recently isolated from
leaves of exotic plants at the Gothenburg Botanical Garden in Swe-
den. This strain shows great potential as a lipid production host,
exhibiting higher levels of storage lipid accumulation than com-
monly used strains and robust growth on a variety of substrates
including glucose, xylose (a major component of lignocellulosic
biomass), glycerol (a by-product of biodiesel production), and nat-
ural plant hydrolysate (Quvirist et al. 2022). More recently, Brink et
al. (2023) generated a highly contiguous, functionally annotated
genome for the BOT-A2 strain, collected RNAseq data and char-
acterized six novel promoters (Brink et al. 2023). To harness the
biotechnological potential of BOT-A2, an efficient genetic manipu-
lation method is needed. In this study, we report the development
of an efficient protoplast transformation protocol for introducing
linear DNA fragments into R. toruloides BOT-A2.

Materials and methods

Strains and plasmids

All yeast strains and plasmids used in this study are specified in Su
pplementary Table 1. The natural yeast isolate R. toruloides BOT-
A2 strain was kindly provided by Prof. Thomas Andlid (Chalmers
University of Technology) and previously characterized (Quvirist et
al. 2022). The R. toruloides Y4 and NP11 strains were kindly pro-
vided by Prof. Zongbao Kent Zhao (Dalian University of Technol-
ogy) and previously described (Li et al. 2007, Zhu et al. 2012).
The Escherichia coli DH5a strain was used for plasmid amplifica-
tion. Three antibiotic resistance cassettes were amplified as fol-
lows: the pGPD-HYG-Tnos cassette was amplified from plasmid
NM1-5S-tRNA-SgH using primers HYG-F/HYG-R, the pGPD-G418-
Tnc cassette was amplified from plasmid NM9-SpCas9-NLS3 us-
ing primers G418-F/G418-R, and the pPGK-Ble-Tnos cassette was
amplified from plasmid pZPK-SaCas9 using primers Ble-F/Ble-R.
Primer sequences are listed in Supplementary Table 2. The NM1-
5S-tRNA-SgH and NM9-SpCas9-NLS3 plasmids were gifts from
Prof. Huimin Zhao (University of Illinois at Urbana-Champaign)

(Addgene plasmid #128178; http://n2t.net/addgene:128178; RR
ID:Addgene_128178; Addgene plasmid #128177; http://n2t.net/ad
dgene:128177; RRID:Addgene_128177) (Schultz et al. 2019). The
pZPK-SaCas9 plasmid was kindly provided by Prof. Zongbao Kent
Zhao (Jiao et al. 2019).

The Pichia pastoris strain X-33 and the expression plasmid
pPICZ« A were purchased from Invitrogen (Thermo Fisher Scien-
tific). The codon-optimized MAN5C gene sequence was obtained
from Yang et al. (Yang et al. 2011) and synthesized by Twist Bio-
science (USA) for heterologous expression in P. pastoris X-33. The
gene was cloned into the pPICZa A plasmid using Gibson assem-
bly (New England Biolabs). The MAN5C fragment was amplified
with primers MAN5C-F/MAN5C-R, and the pPICZ« A backbone was
amplified with primers PICZaA-F/pPICZaA-R. Primer sequences
are listed in Supplementary Table 2. The resulting recombinant
pPICZa A-MANS5C plasmid contained the S. cerevisiae a-factor se-
cretion signal sequence, the MAN5C gene, and a C-terminal 6 x His
tag sequence.

Culture conditions

Escherichia coliwas cultivated in LB medium [10 g peptone from
casein (Difco), 10 gt NaCl, 5 g I"! yeast extract] supplemented with
either 100 pug ml=! ampicillin (Sigma) or 50 pug ml=! kanamycin
(Sigma) at 37°C. Rhodotorula toruloides strains and Pichia pastoris
X-33 were cultivated at 30°C with 220 rpm shaking unless speci-
fied explicitly. YPD medium contained 10 g [~! yeast extract, 20 g
(-1 peptone, and 20 g |! glucose. YNB medium contained 1.7 g I
YNB without ammonium sulphate (Formedium), 2.3 g I K;HPO,,
11.83 g I KH,PO,, 10 g ' ammonium sulphate, and 20 g I glu-
cose, adjusted to pH 5.5. For selection of transformants after pro-
toplast transformation, YPD plates were supplemented with either
60 ng ml=! hygromycin B (Thermo Fisher Scientific), 80 ug ml=!
G418 (Formedium), or 220 ug ml~! zeocin (InvivoGen).

Yeast mating type assay

To determine the mating type of R. toruloides strains, a PCR-based
assay targeting the mating pheromone receptor genes STE3.Al
and STE3.A2 was performed as described previously (Lopes et
al. 2023). The Blood & Cell Culture DNA Kit (QIAGEN) was used
to extract high molecular weight genomic DNA from 12 ODgg of
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mid-exponential phase cells (ODggo of 3-3.5). PCR reactions were
carried out using 20 ng of genomic DNA as template. The STE3.A1
and STE3.A2 gene fragments were amplified using the primer
pairs STE3.A1-F/STE3.A1-Rand STE3.A2-F/STE3.A2-R, respectively.
Primer sequences are provided in Supplementary Table 2.

Cell size assay

Cells were cultured overnight at 30°C in 2 ml YPD medium and an-
alyzed using a Guava easyCyte™ flow cytometer (Luminex). For-
ward scatter (FSC) signals were recorded using logarithmic am-
plifiers (FSC-Hlog), and 5000 events were analyzed per sample.
FSC-Hlog was used as a relative indicator of cell size. In parallel,
cells were imaged using an inverted microscope (Leica DMI4000
B). Cell diameters were quantified using ImageJ (NIH), with at
least 400 cells measured per sample. Correlation analysis between
microscopy-based cell diameters and FSC-Hlog values confirmed
that FSC-Hlog increased with cell diameter under the applied in-
strument settings, validating its use as a proxy for relative cell size
distribution.

Determination of yeast ploidy

Rhodotorula toruloides strains were cultivated in 2 mlYPD medium
overnight at 30°C. A total of 0.5 ODgo of mid-exponential phase
cells (ODggo of 3-3.5) were harvested and fixed in 1 ml of 70%
ethanol at room temperature for 1 h. Fixed cells were stained with
propidium iodide (Invitrogen) and analyzed using a FACS SH800
(Sony) as previously described (Todd et al. 2018) with slight mod-
ifications. Fixed cells were washed twice with 50 mM sodium cit-
rate buffer and ultra-sonicated for 4 x 10 s at 10% of amplitude
(Branson Ultrasonics) to separate cells. After centrifugation at 500
g for 10 min, cells were resuspended in 200 ul of 50 mM sodium
citrate buffer containing 0.5 mg ml! RNase A (Thermo Fisher Sci-
entific) and incubated at 37°C for 2 h. A 15 ul aliquot of unstained
cells from each strain was reserved as a negative control for FACS
measurement. To the remaining 185 ul of cell suspension, 5 ul of
1 mg ml! propidium iodide (Thermo Fisher Scientific) and 10 ul
of 50 mM sodium citrate buffer were added, resulting in a final
propidium iodide concentration of 25 ug ml™. Samples were incu-
bated overnight at 37°C in the dark and sonicated for 10 s at 10%
of amplitude prior to analysis. FACS analysis was performed using
a 615/25 filter at an event rate of ~1000 cells per second. A min-
imum of 20 000 events were taken per sample to ensure statisti-
cal robustness. The diploid R. toruloides Y4 strain and the haploid
NP11 strain were used as controls to determine the ploidy of BOT-
A2. Autofluorescence was verified to be minimal by analyzing un-
stained yeast cells.

Expression and purification of Man5C

The pPICZa A-MANS5C plasmid was linearized using the restriction
enzyme Sacl (Thermo Fisher Scientific) and used to transform P,
pastoris X-33 by electroporation at 1.5 kv, 25 uF, 200 € in a 0.2-
cm electroporation cuvette using a Gene Pulser system (BioRad).
Following transformation, cells were plated on YPD plates con-
taining 1 M sorbitol and 100 ug ml? zeocin (InvivoGen) for selec-
tion. Gene integration was verified by colony PCR using the AOX1-
F/AOX1-R primers (Supplementary Table 2). To assess Man5C pro-
tein expression, positive colonies were cultured in 2 ml of BMGY

medium (10 g |~ yeast extract, 20 g |~* peptone, 3 g [7! K,HPO,,
11.8 g |71 KH,PO,, 1.34% YNB, 4 x 10>% biotin, and 1% glycerol)
at 30°C overnight. 20 ODgq of cells were harvested at 3000 g for
5 min and then resuspended in 20 ml of BMMY medium (10 g =}
yeast extract, 20 g |=! peptone, 3 g |7 K,HPO,4, 11.8 g |71 KH,PO,,
1.34% YNB, 4 x 10~* g |71 biotin, and 0.5% methanol) to an ini-
tial ODggp Of 1. Cultures were incubated at 30°C for 96 h with 0.5%
methanol added every 24 h to induce protein expression.

Cultures were centrifuged at 4,700 rpm for 10 min at 4°C, and
the supernatant was collected and concentrated 35-fold using pro-
tein concentrators with a 10 kDa MW cutoff (PES, Thermo Fisher
Scientific). The 6 x His tagged Man5C protein was purified from
the concentrated supernatant using Ni-NTA agarose beads (Qia-
gen), prepared as a 50% slurry of TALON 6 x His affinity resin. A
total of 0.5 ml of resin was loaded into a gravity column and equi-
librated with 5 x 1 ml of TNG buffer (50 mM Tris-HCI, pH 7.5, 100
mM NaCl, 10% glycerol). Two milliliters of the concentrated super-
natant were incubated with the equilibrated resin on a roller at
4°C for 1 h. The resin was washed twice with 1 ml of TNG buffer
supplemented with 30 mM imidazole, and the bound protein was
eluted with 1 ml of TNG buffer supplemented with 300 mM imida-
zole. Eluted protein was desalted using PD-10 columns (GE Health-
care) and stored at —80°C in 45% glycerol as aliquots.

Protein concentration was determined using a NanoDrop spec-
trophotometer (Thermo Fisher Scientific), and purity was evalu-
ated by SDS-PAGE. Aliquots of the concentrated supernatant and
purified protein were loaded onto a 4%-20% Mini-PROTEAN TGX
Stain-Free Protein Gels (Bio-Rad) and visualized using the Gel Doc
EZ imaging system (BioRad).

Protoplast transformation

Cell cultivation

Three fresh colonies of R. toruloides BOT-A2 were used to inoculate
2 ml of YPD medium and grown overnight at 30°C. The overnight
culture was then diluted to an initial ODggq 0f 0.002 in 20 ml of YPD
medium in a 100 ml shake flask. Cells were grown at 30°C for 12-
18 h and harvested at one of the following growth phases: early
exponential phase (ODggo of 1-1.5), mid-exponential phase (ODgg
of 3-3.5), or late-log phase (ODgg of 6-6.5).

Protoplast preparation

15 ODgq of cells were transferred to a 50-ml falcon tube and cen-
trifuged at 3000 g for 5 min at 4°C, yielding sufficient cells for 2
transformation reactions. The cell pellet was washed once with
10 ml of sterile Milli-Q water and resuspended in 2 ml of diges-
tion buffer containing 10 mM sodium acetate buffer (pH 4.5), 1 M
sorbitol (Sigma), and purified Man5C protein (1.12 pg ml=1). The
ODggo Was measured after diluting the cell suspension 20-fold in
1 M sorbitol. Digestion was carried out at 37°C in a ThermoMixer
(Eppendorf) with shaking at 300 rpm. After 15 min, 50 pl of the
digested cells were mixed with 950 pl of 1% SDS to assess proto-
plast formation. Digestion was terminated when the ODg, ratio,
comparing values before Man5C digestion (cells diluted in 1 M sor-
bitol) and after digestion (cells diluted in 1% SDS), reached ~10 or
20. Protoplasts were immediately transferred to 10 ml of ice-cold
1 M sorbitol using a wide-bore 1 ml pipette tip which was prepared
by cutting the end of a standard tip to minimize the shear damage
to protoplasts. After centrifugation at 700 g for 8 min at 4°C, the
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supernatant was carefully decanted, and the protoplasts were
gently rinsed with 10 ml of ice-cold 1 M sorbitol. Finally, proto-
plasts were resuspended in 200 pul of STC buffer (1 M sorbitol,
10 mM Tris HCI, pH 7.5, 10-50 mM CaCl,) using a wide-bore 200
ul pipette tip. The specific CaCl, concentrations used in the STC
buffer are shown in Fig. 4.

Transformation procedure

For each transformation, 100 ul of protoplast suspension was
mixed with no more than 5 pl of linear DNA fragments (~1 ug
per kb) and 5 pl of carrier DNA (Takara) using a wide-bore 200 pl
pipette tip. The mixture was incubated at room temperature (20°C)
for 15 min. Then, 1 ml of PEG buffer containing either 40% (w/v)
PEG 4000 (Sigma) or 20% (w/v) PEG 8000 (Sigma), 10 mM Tris HCl,
pH 7.5, 10-50 mM CacCl, was added, and the tube was gently in-
verted 8-10 times to mix. The sample was incubated at room tem-
perature (20°C) for 20 min, then centrifuged at 700 g for 8 min at
4°C. The supernatant was carefully removed, and the protoplasts
were gently resuspended in 1.5 ml of SOS buffer (6.5 mM CaCl,,
0.25% yeast extract, 0.5% peptone, 1 M sorbitol) using a wide-bore
1 ml pipette tip in a 14-ml culture tube. The tubes were incubated
at 30°C without shaking for 1 h, followed by shaking at 200 rpm
for 2 h. Afterwards, 1 ml of YPD medium supplemented with 1 M
sorbitol was added, and incubation with shaking continued for
2 h. Subsequently, 2.5 ml of YPD medium supplemented with 1
M sorbitol was added, and the suspension was divided into two
tubes. Cells were incubated for an additional 14-16 h at 30°C with
shaking at 200 rpm. Following recovery, 500 pl of each culture was
plated on YPD plate containing the appropriate antibiotic. Plates
were incubated at 30°C for 4-8 days. The effects of transformation
temperature and CaCl, concentration in PEG buffer were exam-
ined as described in Fig. 4.

Genetic stability analysis of transformants

After protoplast transformation, individual transformants were
grown in 1 ml YPD medium supplemented with the appropriate
antibiotics overnight at 30°C to recover transformants and elim-
inate any potential false positives. After overnight growth, 10 ul
of the culture was transferred into 2 ml of fresh YPD medium and
incubated at 30°C for 24 h. This process was repeated for five con-
secutive generations. After the fifth generation, the cultures were
plated on YPD plates containing antibiotics to assess whether the
transformants retained antibiotic resistance and maintained ge-
netic stability.

PCR verification of genetic integration

After overnight cultivation, 0.5 ODgy of cells were taken and
washed once with 1 ml deionized H,0. The pellet was resuspended
in 100 ul digestion buffer containing 10 mM sodium acetate buffer
(pH 4.5), 1 M sorbitol, and purified Man5C protein (1.12 ug ml~1).
The suspension was incubated at 37°C for 30 min in a ThermoMixer
(Eppendorf) with shaking at 300 rpm. Following digestion, cells
were collected by centrifugation at 700 g for 10 min at 4°C, re-
suspended in 30 ul of deionized H,0, and then boiled for 20 min
to release genomic DNA. After centrifugation, 0.5 ul of the super-
natant was used as the template for PCR using primers HYG-seg-
F/R (Supplementary Table 2).

FEMS Yeast Research, 2026, Volume 26

Growth analysis

Growth analysis was performed in YPD and YNB medium. For both
R. toruloides BOT-A2 and NP11 strains, three individual colonies
were used to inoculate 2 ml of YPD or YNB medium and cultured
overnight at 30°C. The overnight cultures were then diluted into
1 ml of fresh YPD or YNB medium to an initial ODgy of 0.1. Cell
growth was monitored using a BioLector microcultivation system
(m2p-labs).

Statistical methods

Data were presented as mean + standard deviation (SD). Statis-
tical significance was assessed using a two-tailed Student’s t-test
assuming equal variance, as identical procedures were used to de-
termine all parameters. Unless otherwise stated, data analysis was
based on three biological replicates. A P value < 0.05 was consid-
ered statistically significant unless specified otherwise.

Results
Mating type and ploidy of BOT-A2 strain

The R. toruloides BOT-A2 strain has a genome size of 20.54 Mb, as-
sembled into 20 contigs (Brink et al. 2023). Previous studies have
reported that substantial genomic differences between haploid R.
toruloides strains of different mating types (MAT Al vs. MAT A2) (Hu
and Ji 2016, Sambles et al. 2017). Based on average nucleotide
identity (ANI) and pheromone receptor analysis, BOT-A2 clusters
within the MAT A2 group, although its name was not chosen to
reflect its mating type (Brink et al. 2023). In this study, the mat-
ing type was determined by PCR amplification of the pheromone
receptor genes STE3.A1 and STE3.A2 from genomic DNA. In the
diploid strain Y4, both STE3.AI and STE3.A2 fragments were am-
plified. In contrast, only the STE3.A1 fragment was detected in
the haploid NP11 strain, which has been previously identified as
MAT Al (Zhu et al. 2012). For the BOT-A2 strain, only the STE3.A2
fragment was amplified, confirming its classification as MAT A2
(Fig. 2A).

Previous work has shown that diploid cells are substantially
larger than haploids cells, as observed by microscopy (Zhang et
al. 2022). To compare cell sizes in our study, we analyzed expo-
nentially growing cultures using flow cytometry. Forward-scatter
measurement with logarithmic amplifiers (FSC-Hlog) revealed two
distinct peaks: one corresponding to the larger Y4 cells, and an-
other shared by BOT-A2 and NP11, indicating that BOT-A2 and
NP11hadsimilar,smaller cell sizes (Fig. 2B). The average cell diam-
eter of BOT-A2 was 4.64 £ 0.65 pum, closely matching that of NP11
(4.99 £ 0.66 um), and significantly smaller than Y4 (9.79 &+ 1.17
um, P value < 0.001) (Fig. 2C).

Ploidy, defined as the number of sets of homologous chromo-
somes in a cell, was characterized by measuring single-cell DNA
content using the fluorescent dye propidium iodide. The haploid
NP11 strain exhibited two peaks on the histogram corresponding
to the G1 phase (one copy, 1C) and G2 phase (two copies, 2C) of
the cell cycle. The G2 peak of NP11 aligned with the G1 peak of the
diploid Y4 strain, as both represent cells containing two copies of
the genome. Accordingly, the G2 peak of the diploid Y4 strain cor-
responded to cells with four genome copies (4C). These results are
consistent with previous reports that haploid NP11 was isolated
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Figure 2 Determination of mating type and ploidy of R. toruloides BOT-A2. (A) PCR-based mating type analysis of the diploid strain Y4, haploid strain
NP11, and BOT-A2. (B) Flow cytometry analysis of relative cell size distribution in Y4, NP11, and BOT-A2 strains based on forward scatter intensity
(FSC-Hlog). (C) Phase-contrast micrographs of Y4, NP11, and BOT-A2 strains. Scale =5 um. (D) DNA content histograms based on propidium iodide

staining (measured as fluorescence area) for Y4, NP11, and BOT-A2 strains.

from basidiospores germinated from teliospores of the diploid Y4
strain (Zhu et al. 2012).

The BOT-A2 strain also exhibited two major peaks correspond-
ing to 1C and 2C DNA content (Fig. 2D and Supplementary Fig. 1),
which were consistent with a haploid profile. Although the peak
positions did not perfectly overlap with those of NP11, the assem-
bled genome size of BOT-A2 (20.54 Mb) is comparable to that of the
confirmed haploid NP11 strain (20.2 Mb). The shift in fluorescence
peaks toward higher PI-A values relative to the haploid NP11 strain
may be due to their distinct genetic backgrounds. Differences in
fluorescence intensity and peak position might arise from strain-
specific differences in chromatin accessibility, staining efficiency,
growth conditions, and cell-cycle distribution. In addition, BOT-A2
did not display the characteristic 2C and 4C DNA content profile
observed for the diploid Y4 strain, and its cell size was significantly
smaller than that of the diploid Y4 strain (Fig. 2B and C). Together

with the MAT A2-specific PCR result (Fig. 2A), these findings sup-
port classification of BOT-A2 as a MAT A2 haploid strain.

Expression of recombinant Man5C protein
for protoplast generation

The cell wall of R. toruloides is primarily composed of glucoman-
nan, which differs significantly from the glucan- and mannan-rich
cell wall of S. cerevisiae (Antunes et al. 2024). As a result, R. toru-
loides is resistant to many commercially available lytic enzymes.
Previous studies reported that the Man5C protein from Penicillium
lilacinus ATCC 36010, which represents a 8-1,3-glucomannanase,
can effectively lyse the R. toruloides cell wall (Arai et al. 1978, Sug-
ino et al. 2004). However, this enzyme is not commercially avail-
able. To address this limitation, we heterologously expressed a
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codon-optimized MAN5C gene in Pichia pastoris (Fig. 3A). Using an
N-terminal a-factor secretion signal and a C-terminal His tag, the
recombinant protein was secreted into the culture medium and
purified via affinity chromatography (Fig. 3B).

To assess the enzymatic activity of Man5C, protoplasts were
prepared from the R. toruloides BOT-A2 strain. Cells were resus-
pended in an equal volume mixture of 10 mM sodium acetate (pH
4.5) and 0.9 M sodium citrate buffer (pH 7.5). Purified Man5C pro-
tein was added to a final concentration of 6.7 ug ml™1, and the
mixture was incubated at 30°C for 90 min. Upon addition of wa-
ter, spherical cells with blurred boundaries were observed under
a microscope, followed by cell lysis, which confirmed the forma-
tion of protoplasts. In contrast, control treatment with zymolyase
produced no morphological changes with and without water addi-

tion, indicatingits ineffectiveness against the R. toruloides cell wall
(Fig. 3C). Following digestion, up to 90% of the protoplasts were
able to regenerate on regeneration plates. These results demon-
strate that recombinant Man5C protein is effective for degrading
the R. toruloides cell wall and generating viable protoplasts.

Optimization of conditions for protoplast
transformation

Protoplast-mediated transformation relies on enzymatic removal
of the complex cell wall to generate protoplasts capable of tak-
ing up exogenous DNA. In R. toruloides, the absence of a func-
tional episomal plasmid system necessitates the use of linear DNA
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fragments for transformation. In addition, non-homologous end-
joining (NHEJ) is the major mechanism mediating chromosomal
integration in R. toruloides (Schultz et al. 2019), resulting in ran-
dom integration of linear DNA fragments into the genome. These
features further increase the importance of optimizing transfor-
mation and selection parameters. The hygromycin B resistance
gene, a widely used selection marker in fungal genetics, has been
shown to be effective in R. toruloides (Xu et al. 2025, Zheng et al.
2025) and was used in this study as a linear Hyg resistance cassette.
The optimal hygromycin B concentration for selection of BOT-A2
transformants was first determined to be 60 g ml™ (Supplement
ary Fig. 2), which is slightly higher than the 50 ug ml~! previously
reported for other strains (Xu et al. 2025, Zheng et al. 2025).
Although viable protoplasts were successfully generated using
recombinant Man5C protein, no stable transformants were ob-
tained until the digestion buffer was modified: replacing 0.9 M
sodium citrate buffer (pH 7.5) with 1 M sorbitol. This substitution
significantly improved protoplast generation, reducing the diges-

tion time from 90 min to less than 30 min and decreasing the re-
quired Man5C concentration from 6.7 ug ml~! to 1.12 ug ml~L.

PEG and calcium ions play crucial roles in promoting DNA
uptake during protoplast transformation. Both PEG molecular
weight and calcium concentration require species- and some-
times strain-specific optimization. To evaluate their effects, 40%
PEG 4000 and 20% PEG 8000 solution were each supplemented
with 10 mM, 30 mM, or 50 mM CaCl,, respectively. The highest
transformation efficiency with 170 transformants per ug of DNA
was achieved using 40% PEG 4000 with 10 mM CaCl,. The second
highest efficiency, 118 transformants per pug of DNA, was obtained
with 20% PEG 8000 and 30 mM CacCl, (Fig. 4A and Supplementar
y Fig. 3). Based on these results, subsequent transformations were
carried out using 40% PEG 4000 with 10 mM CacCl,.

The extent of cell wall digestion is a critical factor, as over-
digestion can significantly reduce transformation efficiency. To
evaluate its impact, transformations were performed at two di-
gestion endpoints, defined by ODgq ratio (pre- and post- Man5C
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digestion) of ~ 10 and 20, as described in Materials and Methods.
A ratio of 10 yielded 172 transformants per ng of DNA, which was
significantly higher than the 101 transformants per g of DNA ob-
tained at a ratio of 20 (Fig. 4B and Supplementary Fig. 4).

The incubation temperature during the PEG-mediated DNA up-
take step is an important parameter affecting transformation ef-
ficiency and may vary depending on the strain and experimen-
tal conditions. To determine the optimal temperature, protoplasts
were incubated with the transformation mixtures at 0°C, 20°C, and
30°C, respectively. Transformation efficiency was similar at 0°C
and 20°C, both significantly higher than at 30°C (Fig. 4C).

Optimization of cell growth phase for cell
collection

The growth phase at which R. toruloides cells were harvested for
protoplast transformation had a substantial effect on transforma-
tion efficiency. Cells collected during the mid-exponential phase
yielded the highest efficiency, with 159 transformants per pg of
DNA. In comparison, cells from the early exponential and late-log
phases produced 81 and 128 transformants per g of DNA, respec-
tively (Fig. 4D). This trend differs from previous studies in R. toru-
loides using lithium acetate transformation (Liu et al. 2023) and
electroporation (Liu et al. 2017), where the highest efficiency was
observed with early exponential phase cells.

We also observed that cell wall digestion time varied with
growth phase: late-log phase cells required 42 min, compared to
26 min for mid-exponential and 18 min for early exponential phase
cells. Based onfindingsin S. cerevisiae showing that osmotic stabi-
lization of early exponential cells in 1 M ice-cold sorbitol overnight
improves transformation efficiency (Zhang et al. 2019), we applied
a similar treatment. Early and mid-exponential phase cells were
incubated overnight at4°Cin 1 M sorbitol with gentle agitation. As
a result, transformation efficiency for early exponential cells sig-
nificantly increased from 81 to 190 transformants per nug of DNA,
while no significant change was observed for mid-exponential
phase cells.

To effectively eliminate false positives, transformants were cul-
tivated in liquid medium under selective pressure, as the BOT-A2
strain exhibits higher resistance on solid selective medium (Supp
lementary Fig. 5A and 5B). Integration of the Hyg resistance cas-
sette into the genome was then verified by PCR, with a fragment
corresponding to the hygromycin B resistance gene detected in
all ten randomly selected transformants (Fig. 5A). These trans-
formants maintained resistance to hygromycin B after five con-
secutive serial passages in liquid YPD medium without selection
pressure, indicating stable integration of the cassette (Fig. 5B and
Supplementary Fig. 6).

General applicability of the protoplast
transformation method

To evaluate the broader applicability of the linear DNA fragment-
based protoplast transformation protocol, G418 and bleomycin
resistance cassettes were tested (Fig. 6A). Optimal selection con-
centrations were first determined, following the same procedure
used for hygromycin B. The effective concentrations were 80 ug
ml~! for G418 and 220 ug ml~! bleomycin (Supplementary Fig. 7),
which differ significantly from previously reported values of 200
ug ml? for G418 and 50 pg ml? for bleomycin (Liu et al. 2017,
Schultz et al. 2019), indicating inherent strain-specific resistance
profiles. Following transformation, 244 and 226 transformants per
ug of DNA were obtained using G418 and bleomycin cassettes, re-
spectively (Fig. 6B). These transformants maintained stable antibi-
otic resistance after five consecutive serial passages (Fig. 6C, D,
and Supplementary Fig. 6).

To test strain compatibility, the protocol was also applied to
the NP11 strain. However, no transformants were obtained under
the same conditions. Compared to BOT-A2, NP11 exhibited slower
growth in both YPD and YNB medium, with maximum growth rates
of 0.374 vs. 0.444 in YPD (Fig. 7A and B) and 0.204 vs. 0.297 in
YNB (Fig. 7C and D), respectively. Moreover, NP11 cells from mid-
exponential phase required only 10 min for cell wall digestion, sig-
nificantly shorter than the 26 min needed for BOT-A2 strain, sug-
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gesting differences in cell wall composition. These physiological
and growth differences, along with potential variation in antibi-
otic tolerance, highlight the need for strain-specific optimization
to achieve efficient protoplast transformation.

Discussion

Fungal transformation is essential for both fundamental stud-
ies in molecular biology and the genetic manipulation of strains
with industrial relevance. Among the available methods, PMT re-
mains one of the most widely employed techniques, particularly
when introducing large DNA fragments or when high transfor-
mation efficiency is required, such as transformation of a ge-
nomic plasmid library (Zhang et al. 2019). However, the success
of PMT depends heavily on the efficient generation of protoplasts,
which remains a challenge due to limited knowledge of lytic en-
zymes needed to digest fungal cell walls. This difficulty is fur-

ther compounded in certain natural isolates or highly adapted
industrial strains (often referred to as “domesticated strains”),
which may have altered cell wall compositions (Machida et al.
2005, Jami et al. 2010). As a result, standard protoplast prepa-
ration protocols optimized for standard laboratory strains often
fail to yield satisfactory results in these genetically divergent
backgrounds.

In 1985, Tully et al. reported protoplast transformation of R.
toruloides using a crude cell wall-degrading enzyme extract from
Paecilomyces lilacinus ATCC36010 (Tully and Gilbert 1985). The
lytic activity was later attributed to a 8-1,3-glucomannanase en-
coded by the MAN5C gene, which specifically cleaves the -1,3 gly-
cosidic bonds in glucomannan, the main cell wall component of
R. toruloides (Arai et al. 1978, Sugino et al. 2004). The recombinant
Man5C protein was subsequently heterologously expressed in P
pastoris and its enzymatic activity was biochemically character-
ized (Yang et al. 2011). Building on this knowledge, R. toruloides
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NP11 was later engineered for secretory expression of Man5C to
promote partial cell wall degradation, achieving up to 93% lipid
extraction efficiency (Liang et al. 2023). Following a similar proto-
col, we successfully expressed Man5C and generated viable proto-
plasts of the BOT-A2 strain (Fig. 3).

Although R. toruloides cells can regenerate after cell wall re-
moval, successful selection of transformants also requires expres-
sion of the antibiotic resistance gene, making the process more
complex than simple regeneration. In our study, protoplasts pre-
pared using a 1:1 mixture of 10 mM sodium acetate (pH 4.5) and
0.9 M sodium citrate buffer (pH 7.5) failed to yield any trans-
formants, suggesting that this buffer system may be suboptimal
for supporting both protoplast viability and transformation effi-
ciency. Sodium citrate at high concentrations may play dual roles
during protoplast preparation. First, as a chelating agent, it may
weaken the fungal cell wall by sequestering divalent cations such
as Ca’* and Mg2*. Second, it may serve as an osmotic stabi-
lizer, similar to sorbitol. However, PEG-mediated transformation
is known to be sensitive to both ionic strength and the presence
of chelators (Watanabe et al. 1992). Residual sodium citrate may

sequester free Ca®* ions, potentially interfering with DNA uptake
during the transformation steps. In addition, the relatively high
pH of the buffer mixture may lead to suboptimal conditions for
enzymatic digestion, as the optimal activity of Man5C is around
pH 4.5 (Yang et al. 2011). This may necessitate prolonged di-
gestion time and higher enzyme concentrations. Indeed, replac-
ing 0.9 M sodium citrate buffer (pH 7.5) with 1 M sorbitol signif-
icantly improved protoplast transformation efficiency, reducing
the incubation time from 90 min to under 30 min, and lowering
the required Man5C concentration from 6.7 ug ml~! to 1.12 pg
ml=1,

DNA uptake during protoplast transformation is primarily me-
diated by PEG in the presence of calcium ions. PEG disrupts the
plasma membrane integrity and facilitates the fusion of exoge-
nous DNA with the protoplast membrane. Calcium ions are be-
lieved to stabilize DNA-membrane interactions and may promote
internalization through PEG-induced endocytosis (Martin 2015).
PEGs of different molecular weights, such as PEG 4000 and PEG
8000, are commonly used in fungal systems, with variations in vis-
cosity and membrane fusion capacity. The optimal combination of

920z AInF 91 uo 1sanb Aq 1,996 /8/820BE0)/IASWAYEE0L 0 L/I0P/B[0IE/IASWSY/L0D dNODILSPEDE//:SA)Y WO} PaPEOjUMOQ



FEMS Yeast Research, 2026, Volume 26

PEG molecular weight and calciumion concentration varies across
fungal species. In our study, the highest transformation efficiency
was achieved using 40% PEG 4000 combined with 10 mM CaCl,
(Fig. 4A and Supplementary Fig. 3). This condition aligns with pro-
tocols reported for S. cerevisiae and K. lactis (Hinnen et al. 1978,
Sreekrishna et al. 1984), but differs from those optimized for S.
pombe (20% PEG 4000 with 10 mM CaCl,) and P. pastoris, where
20% PEG3350 with 10 mM CaCl, has been shown to be effective
(Cregg et al. 1985, Moreno et al. 1991).

Successful regeneration following DNA uptake is a critical step
in protoplast transformation, and the optimal conditions for this
process can vary among fungal species. In R. toruloides, where a
functional episomal plasmid system has not yet been established,
we performed protoplast transformation using linear heterolo-
gous DNA fragments, which require chromosome integration to
confer stable expression. Unlike plasmid-based systems, integra-
tion of linear DNA typically requires a longer recovery time before
cells are capable of growing on selective medium. In our study,
no stable transformants were obtained during recovery incuba-
tions of up to 6 h, and ODgyo values remained unchanged. No-
tably, a marked increase in transformant numbers was observed
after overnight recovery (~14-16 h). This may suggest a poten-
tial enhancement in transformation efficiency, possibly due to
more effective DNA integration and expression of the selective
marker.

The BOT-A2 strain exhibited greater tolerance to hygromycin
B on solid selective medium (Supplementary Fig. 5), suggest-
ing that additional screening strategies may further improve
the reliability and efficiency of transformant identification.
In future studies, incorporation of fluorescent reporter sys-
tems, such as GFP or mCherry, alongside antibiotic selection
markers could facilitate separation of true transformants from
false-positive colonies during selection. Such reporter systems
could provide a rapid and visually distinguishable method
to assess exogenous gene integration and expression in R.
toruloides.

In summary, we established an optimized protoplast transfor-
mation method for the R. toruloides BOT-A2 strain using linear DNA
fragments (Supplementary materials). This method is expected
to facilitate both metabolic engineering for industrial applica-
tions and fundamental research on this promising yeast in future
studies.
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