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ARTICLE INFO ABSTRACT

Keywords: Yarrowia lipolytica is an ascomycetous yeast that can assimilate hydrophobic carbon sources
Yarrowia lipolytica including oil and n-alkane. The sucrose non-fermenting 1/AMP-activated protein kinase (Snfl/
YISNF1

AMPK) complex is involved in the assimilation of non-fermentable carbon sources in various
yeasts. However, the role of the Snfl/AMPK complex in n-alkane assimilation in Y. lipolytica has
not yet been elucidated. This study aimed to clarify the role of Y. lipolytica SNF1 (YISNF1) in the
utilization of n-alkane. The deletion mutant of YISNF1 (AYIsnfl) exhibited substantial growth
defects on n-alkanes of various lengths (C10, C12, C14, and C16), and its growth was restored
through the introduction of YISNF1. Microscopic observations revealed that YISnfl tagged with
enhanced green fluorescence protein showed dot-like distribution patterns in some cells cultured
in the medium containing n-decane, which were not observed in cells cultured in the medium
containing glucose or glycerol. The RNA sequencing analysis of AYlsnfl cultured in the medium
containing n-decane exhibited 302 downregulated and 131 upregulated genes compared with the
wild-type strain cultured in the same medium. Gene ontology and Kyoto Encyclopedia of Genes
and Genomes enrichment analyses suggested that a significant fraction of the downregulated
genes functioned in peroxisomes or were involved in the metabolism of n-alkane and fatty acids.
Quantitative real-time PCR analysis confirmed the downregulation of 12 genes involved in the
metabolism of n-alkane and fatty acid, ALKI-ALK3, ALK5, ADH7, PAT1, POT1, POX2, PEX3,
PEX11, YAS1, and HFD3. Furthermore, AYlsnfl exhibited growth defects on the medium con-
taining the metabolites of n-alkane (fatty alcohol and fatty aldehyde). These findings suggest that
YISNF1 plays a crucial role in the utilization of n-alkane in Y. lipolytica. This study provides
important insights into the advanced biotechnological applications of this yeast, including the
bioconversion of n-alkane to useful chemicals and the bioremediation of petroleum-contaminated
environments.
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1. Introduction

Yarrowia lipolytica, classified as an ascomycetous yeast [1], can utilize non-fermentable carbon sources, including glycerol, alco-
hols, and hydrophobic substrates such as fat, fatty acids, and n-alkanes, as its sole carbon and energy sources [2,3]. This superior
feature allows Y. lipolytica to be employed as a sustainable tool for a wide range of applications, particularly in the bioconversion of
n-alkane to useful chemicals and bioremediation of n-alkane-contaminated environments [4,5]. Therefore, a comprehensive under-
standing of the metabolic pathway of n-alkane in Y. lipolytica and its control mechanisms could further promote the advanced utili-
zation of this yeast.

The metabolic pathways of n-alkane and the enzymes involved in it in Y. lipolytica have been clarified [3,6]. In the assimilation of
n-alkane, several oxidative enzymes in the endoplasmic reticulum (ER) and peroxisomes are involved [6-9]. Cytochrome P450ALK, a
member of the CYP52 family, plays a primary role in the initial hydroxylation of n-alkanes to fatty alcohols on the ER membrane [10,
11]. Y. lipolytica contains 12 genes (ALK1-ALK12) that encode proteins homologous to the P450 of the CYP52 family. Among the Alk
proteins, Alkl and Alk2 play a vital role in the assimilation of n-alkane in Y. lipolytica [10,11]. In addition, while Alk9 and Alk10 have
n-alkane-hydroxylating activities, Alk3 and Alk6 have significant activities to hydroxylate both n-alkanes and dodecanoic acid [10,11].
Further oxidation of fatty alcohols to fatty aldehydes is mediated by fatty alcohol dehydrogenases (FADH) in the ER and fatty alcohol
oxidase (FAO) in peroxisomes [7,12,13]. Y. lipolytica contains eight alcohol dehydrogenase genes (ADHI1-ADH7 and FADH) and one
FAO gene (FAO1). Among these genes, ADH1, ADH3, and FAOI are involved in the oxidation of exogenous fatty alcohol [7,12,13].
Fatty aldehydes are then oxidized to fatty acids by fatty aldehyde dehydrogenases (FALDHs) in the ER or peroxisome [7,12,13].
Y. lipolytica has four FALDH genes, HFD1-HFD4, which are involved in the oxidation of fatty aldehydes produced during the meta-
bolism of n-alkanes [7,12,13]. The fatty acids are activated to acyl-CoAs by acyl-CoA synthetases (ACS) to be metabolized via
B-oxidation in the peroxisome or for the synthesis of various lipids [3,7,14]. Y. lipolytica contains 15 genes, FAA1, FATI — FAT4, and
AALI - AAL10, which encode ACSs. FAT] is involved in the activation of fatty acids produced during the metabolism of n-alkane in the
peroxisome for assimilation, whereas FAA1 participates in the activation of fatty acids for lipid synthesis [14]. AAL4 and AAL7 are
involved in the activation of exogenous fatty acids in peroxisome [15].

The metabolism of n-alkane in Y. lipolytica is regulated at transcriptional levels [6,16,17]. The expression of ALK1 is upregulated in
response to n-alkane by a heterocomplex composed of the basic helix-loop-helix (bHLH) transcription factors Yasl and Yas2 and is
downregulated by the Opil-family transcription repressor Yas3 [16,18]. Yas1 and Yas2 constitutively localize in the nucleus and bind
to alkane-responsive element 1 (ARE1) on the ALK1 promotor [16,18]. In the absence of n-alkanes, Yas3 enters the nucleus where it
binds to Yas2 and represses ALK1 transcription. In the presence of n-alkanes, Yas3 is retained in the ER membrane, and the tran-
scription of ALK1 is activated by the Yas1 and Yas2 complex. The molecular mechanism by which Yas3 is retained in the ER is unclear;
however, Yas3 can bind to phosphatidic acid and phosphoinositides in vitro, raising the possibility that Yas3 is retained in the ER by
binding to these phospholipids [16]. In addition to the Yas1-Yas2-Yas3 system, Porl, which is a homolog of FarA of Aspergillus nidulans,
was demonstrated to be involved in the transcriptional regulation of p-oxidation genes and peroxisome-related genes, including POT1,
PAT1, POX2, and PEX5, in response to fatty acid [19].

Another regulatory system associated with non-fermentable carbon source metabolism in yeast involves sucrose non-fermenting 1
(Snf1) protein kinase, a homolog of mammalian AMP-activated protein kinase (AMPK) [20]. In Saccharomyces cerevisiae, one of the
most intensively studied yeasts, ScSnfl forms a heterotrimeric complex as an « catalytic subunit with a y regulatory subunit (Snf4) and
one of the three p subunits (Sip1, Sip2, or Gal83) [20]. ScSnf1 exerts regulatory functions at the transcriptional and post-translational
levels [20]. It has been reported to play crucial roles in a wide range of cellular processes, including aging, meiosis, autophagy,
glycogen accumulation, and stress responses, depending on its localization with its  subunits in the cells [20-23]. Snfl is involved in
the growth on several alternative carbon sources, such as glycerol and ethanol, via glucose derepression [22]. In a glucose-rich me-
dium, the ScSnfl interacts with its three  subunits and is distributed throughout the cytoplasm, excluding the nucleus. When cultured
in media containing nonfermentable carbon sources, some Snfl complexes relocate to various organelles for specific functions.
Snf1-Gal83 and Snf1-Sip1 specifically relocate from the cytoplasm to the nucleus and vacuole, respectively, whereas Snfl-Sip2 remains
in the cytoplasm [23-25]. In Y. lipolytica, Snfl (YISnfl) has been reported to function as a negative regulator of lipid accumulation
[26]. The deletion mutant of YISNF1 strain cultured in a glucose-containing medium exhibited a dramatic increase in lipid accumu-
lation and upregulation of the transcription of genes involved in lipid metabolism. However, the role of YISnfl in the utilization of an
n-alkane and its regulation remains unclear. Hence, this study aims to clarify the roles of YISnfl through an analysis of the growth on
n-alkane and its metabolites, the subcellular localization of YISnf1, and the alternation in the global gene expression profiles of AYlsnf1
cultured in the medium containing n-alkane. Our results suggest that YISnfl plays a crucial role in the utilization of n-alkane in
Y. lipolytica. The findings of this study provide important insights into the metabolism of n-alkane and its regulation in Y. lipolytica.

2. Material and methods
2.1. Yeast strains, media, and growth condition

Y. lipolytica strain CXAU/A1 (ura3, adel:ADE1) [27] was used as the wild-type strain. YNB medium (0.17 % (w/v) yeast nitrogen
base without amino acids and ammonium sulfate; Difco, 0.5 % (w/v) ammonium sulfate) was used as the liquid medium and sup-

plemented with different carbon sources as follows: 2 % (w/v) glycerol, 2 % (w/v) glucose, or 2 % (v/v) n-decane. For the solid media,
the YNB medium was mixed with 0.1 % fatty acids (lauric acid, myristic acid, palmitic acid, or oleic acid), 1-dodecanol, and dodecanal,



Table 1

Sequences and purposes of primers used in this study.

Primer name

Sequences

Purpose

Primer references

YALIOD02101-5F
YALIOD02101-5R
YALIOD02101-3F
YALIOD02101-3R
YalD02101SH-5F
YalD02101H-3R
101-fusion-R
101-fusion-F
EGFP-AvriI-F
EGFP-Kas-R
ALK1-F

ALK1-R

ALK2-F

ALK2-R

ALK3-F

ALK3-R

ALKS5-F

ALK5-R

PAT1qF

PAT1qR

POT1qF

POT1qR

POX2qF

POX2qR
PEX11-F
PEX11-R

PEX3-F

PEX3-R

YAS1-F

YAS1-R

ADH7-F

ADH7-R

HFD3-F

HFD3-R
H3X-AK-F
H3X-AK-R

GCTCTAGAGGGTGAAGCGGGAAATCAAG

CGGGATCCTTGTGAGGTGGTGGAAGGAG

CGGGATCCGCACTTGTAGAGCACACTAG

CCGCTCGAGCGAATTGCACCAGTCGTTC

CCCGTCGACAAGCTTGGGTGAAGCGGGAAATCAAG

CCCAAGCTTCGAATTGCACCAGTCGTTCA
AATCCCTAGTGTGCTCTACAAGTGCTTAGGCGCCCCTAGGCTTCTCACTCTCCTTCTGAGAACTCAC
GTGAGTTCTCAGAAGGAGAGTGAGAAGCCTAGGGGCGCCTAAGCACTTGTAGAGCACACTAGGGAT
GGCCTAGGATGGTGAGCAAGGGCGAGGA

GGGGCGCCCTTGTACAGCTCGTCCATGCC

AGTGGAAGTGTGGTAAGCCCAA

CAAACTCGAGCAGTCGGTTCTT

ACTTGGCCTTTTCCGATCCTT

TTGAACTGAGTGGCCAGAACG

CGCTCGAAAAGAAAAGTCCGA

GGTCCCGCAAAGTGATCTTGT

TTTCATTCCCAAAGGCCAGAC

CCCATCGCTCAGGAATGAACT

TTACCAAGGACGACATTGCCCT

CCTTGACGTTGACCTTGGACTT

TCGAGTCCATGTCCAACCAGT

GGCAACGTTCTCGGAAGTGAT

TCTCAACAAGGAGCAGATCCGAG

ATCGCTTCTTGATGTCGTCCTCG

AGTTCTCCATGGCCCGAAAG

GGCCAATGGTTGTGTATCGC

GCGTGCTAAGGAGAGACTCA

TCGACAGCCACAAACTCCAT

GGGTTTGAGCGCATCACCAA

GGTTCTTCAAAAAGGCCACCG

CGAGGAAGTCAACGGACCTT

GTGGCAGACACCGGAATACT

CAGGTTGATTACGTCACAAGAAAC

AATGACCTCGTTGATGTTTACAGA
CTAGGTACCCCTACGACGTCCCCGACTACGCCTATCCTTATGATGTTCCCGACTATGCTTATCCCTACGACGTGCCTGATTATGCTG
GCGCCAGCATAATCAGGCACGTCGTAGGGATAAGCATAGTCGGGAACATCATAAGGATAGGCGTAGTCGGGGACGTCGTAGGGGTAC

Deletion cassette
Deletion cassette
Deletion cassette
Deletion cassette
PSNF1

PSNF1
PSNF1-EGFP
PSNF1-EGFP
PSNF1-EGFP
PSNF1-EGFP
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
Realtime RT-PCR
pSNF1-HA
pSNF1-HA

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
[39]

[39]

[39]

[39]

[39]

[39]

[39]

[39]

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
[13]

[13]

This study
This study

‘w0 32 undnuodood ‘N

9882€2 (+20Z) 01 uofoH



N. Poopanitpan et al. Heliyon 10 (2024) 32886

and dispersed in 0.05 % (v/v) Triton X-100. In addition, n-alkanes (n-decane, n-dodecane, n-tetradecane, and n-hexadecane) were
supplied to the YNB solid medium in the vapor phase. Uracil (24 mg/L) was added when necessary. All the yeast strains were grown at
30 °C.

The deletion mutant of YISNF1 was generated from CXAU1 using a deletion cassette constructed by amplifying upstream and
downstream flanking coding regions of YISNF1 (YalOID02101g) from the genomic DNA of CXAU1 using the YALIOD02101-5F/
YALIOD02101-5R and YALIOD02101-3F/YALIOD02101-3R primers, respectively (Table 1). The amplified upstream and down-
stream fragments were double-digested with BamHI-Xbal and BamHI-Xhol, respectively. Then, the fragments were cloned into the
Xbal-Xhol site of pBluescript I SK(+) to obtain pUDSNF1. An ADE] fragment was obtained from pSAT4 by digestion with BamHI and
inserted into the BamH1 site of pUDSNF1, generating the pDELSNF1 plasmid. Subsequently, the pDELSNF1 plasmid was used as a
template to amplify the deletion cassette using the YALIOD02101-5F and YALIOD02101-3R primers, as shown in Table 1. The amplified
cassette was introduced into CXAU1 cells to generate the AYlIsnfI strain. For growth analysis, all strains were cultured for 2 days in SG
medium, and spotted on the agar plates containing indicated carbon sources in 10-fold serial dilutions starting with 5 pL of 1 ODggg
units/mL. Then, the strains were incubated at 30 °C for 2-3 days on glycerol and glucose and 4 days on oleic acid, palmitic acid myristic
acid, lauric acid, n-decane, n-dodecane, n-tetradecane, and n-hexadecane.

2.2. Plasmid construction

The plasmid pSNF1, to express YISNF1 under its native promoter in Y. lipolytica, was constructed as follows. The YISNFI gene
containing its upstream and downstream flanking coding regions was amplified from the genomic DNA of CXAU1 by PCR using the
YalD02101SH-5F and YalD02101H-3R primers shown in Table 1. Next, the amplified YISNFI was digested with HindIII and cloned into
the HindIII site of pSUTS5 [28]. Plasmid pSNF1-EGFP, which expresses YISnf1 fused with an enhanced green fluorescent protein (EGFP)
at its C-terminus under the control of YISNF1 native promoter, was constructed as follows. The ORF of the YISNFI gene, with its
upstream and downstream flanking regions, was amplified from the genomic DNA of CXAU1 using PCR with primers YalD02101SH-5F
and 101-fusion-R, and 101-fusion-F and YalD02101H-3R, respectively (Table 1). These two amplified fragments were cut and cloned
into the HindIII site of pSUT5-nonAvrII to obtain plasmid p101-GT. Next, the ORF of EGFP was amplified by PCR using EGFP-AvrII-F
and EGFP-Kas-R and cloned into the Avrll-KasI sites of p101-GT to obtain pSNF1-EGFP. An oligonucleotide fragment of 3X human
influenza hemagglutinin (HA) was inserted into the AvrlI-KasI sites of p101-GT to obtain pSNF1-HA.

2.3. Transformation

Y. lipolytica was transformed by electroporation as described previously in Ref. [29].

2.4. RNA extraction and RNA sequencing (RNA-seq)

Two strains, CXAU/A1 and AYlsnfl, were pre-cultured in uracil-containing SG medium for 48 h at 30 °C. Next, the cell densities
were adjusted to an optical density of 0.05, and cultured in a uracil-containing SG medium for 24 h at 30 °C. Subsequently, the cells
were washed with the YNB medium twice and cultured in YNB medium with uracil containing 2 % n-decane for 1 h at 30 °C. Next, 0.1
% (v/v) triton-X 100 was added to separate the cells from n-decane droplets in the medium. The cells were collected and used for RNA
extraction. Briefly, ISOGEN (Nippon Gene, Japan) was added, and the cells were lysed using a glass bead shocker, followed by
chloroform extraction. The genomic DNA was removed from the samples by treating them with an RNase-free DNase I (Omega Biotek;
Norcross, GA, USA). The quality and concentration of the extracted RNA were determined using a Nanodrop photometer (Thermo
Scientific, Waltham, MA, USA). RNA samples with A260/280 and A260/230 higher than 2.0 were used for RNA sequencing or cDNA
synthesis.

2.5. RNA-seq and data analysis

The RNA library was prepared using a TruSeq Strand mRNA Library Preparation Kit (Illumina, San Diego, CA, USA). All libraries
were sequenced using the Illumina Nova Seq 6000 (Illumina, San Diego, CA, USA) with 2 x 150 bp paired-end sequencing flow cells,
according to the manufacturer’s protocol. The FASTQ data were deposited in the GEO database (GSE 215766). The FASTQ files ob-
tained from RNA-seq were analyzed using tools on the Galaxy platform (https://usegalaxy.org/) with default parameters. First, the
sequence reads were trimmed for adapter sequences using Trimmomatic (Galaxy Version 0.38.0), followed by alignment of the
sequence reads against the reference genome assembly ASM252v1 using the HISAT2 program (Galaxy Version 2.2.1+ galaxy0).
Mapped sequences were assembled and quantified using StringTie and StringTie Merge (Galaxy Version 2.1.7+ galaxyl). The
differentially expressed counts between the wild-type and mutant-assembled transcripts were estimated using DESeq2 (Galaxy Version
2.11.40.7+ galaxyl). Differentially expressed genes (DEGs) were annotated using Annotate DESeq2/DEXSeq output tables (Galaxy
Version 1.1.0), and the expression data were shown as loga(fold change) (logoFC). The false discovery rate was controlled with a P-
value <0.05. The DEGs with LogyFC > 2.5 and adj P-value <0.05 were submitted to DAVID (https://david.ncifcrf.gov/), a free web
server to perform the functional enrichment analysis and gene ontology (GO) analysis.
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2.6. cDNA synthesis and quantitative real time PCR (qRT-PCR)

A sample (2 pg) of extracted RNA was reverse transcribed into cDNA using a RevertAid cDNA Synthesis Kit (Thermo Fisher Sci-
entific; Waltham, MA, USA) according to the manufacturer’s protocol. Next, qRT-PCR was performed to validate the RNA-seq result
and to determine the relative gene expression of the specific genes using the primers indicated in Table 1, with iTaq™ Universal SYBR®
Green Supermix (Bio-Rad, Hercules, CA, USA) in a CFX Connect™ Real-Time System (Bio-Rad, Hercules, CA, USA). The thermocycling
protocol was as follows: denaturation at 95 °C for 3 min, extension at 95 °C for 30 s, 59.5 °C for 30 s, and 72 °C for 45 s (40 cycles), and
a final extension at 72 °C for 10 min. The p-actin gene was used an internal control for normalization of gene expression. The
quantification cycle (Cq) values were used to calculate the relative gene expression using the AACq method.

2.7. Fluorescence microscopy technique

Cells were grown to the log phase in YNB medium containing glycerol (SG). The cells were collected, washed, and incubated for 1 h
in YNB medium containing different carbon sources. The cells were fixed with 70 % (v/v) ethanol and stained with DAPI. The fluo-
rescence of EGFP and DAPI-stained images were acquired using an IX73 fluorescence microscope equipped with a DP74 camera and
cellSens imaging software (Olympus; Tokyo, Japan).

3. Results
3.1. Role of YISnf1 in growth of Y. lipolytica on medium containing n-alkane and fatty acids

A deletion mutant of YISNF1 (AYisnfl) was generated to examine its function of YISNFI on hydrophobic substrate utilization.
Deletion of YISNFI was verified using Southern blot analysis (data not shown). Growth analysis was performed on media containing
various carbon sources, including glucose, glycerol, n-alkanes (n-decane, n-dodecane, n-tetradecane, and n-hexadecane), and fatty
acids (lauric acid, myristic acid, palmitic acid, and oleic acid) as shown in Fig. 1. The AYlsnfl strain was able to grow on glycerol as well
as the wild-type strain but showed a slight growth defect on glucose medium. AYlsnf1 displayed severe growth defects on a medium
containing n-alkanes (C10-C16) and slight growth impairment on fatty acids (C12-C16, C18:1). The growth of AYlsnfl was recovered
when YISNF1 was expressed under its native promoter in a low copy plasmid pSNF1. Additionally, biomass measurements confirmed a
significant growth defect in AYIsnfI on n-decane-containing medium (Supplementary Fig. 1). These results suggest that YISnf1 plays an
essential role in the utilization of n-alkanes and fatty acids with various carbon numbers in Y. lipolytica.

3.2. Subcellular localization of YISnf1
To gain greater insight into the regulatory role of YISnfl, the subcellular localization was investigated using YISnfl tagged with

EGFP (YISnf1-EGFP). In S. cerevisiae, it has been reported that the subcellular localization of ScSnfl was altered in response to different
carbon sources [23]. A low-copy number plasmid, pSNF1-EGFP, was constructed to express YISnfl fused with EGFP at its C-terminus

CXAU/AL
+pSUTS

n-Tetradecane n-Hexadecane

Lauric acid Myristic acid Palmitic acid

Fig. 1. The growth of the AYIsnfI on various carbon sources. Strains were grown at 30 °C for 3 days on glycerol and glucose, or 4 days on oleic acid,
palmitic acid myristic acid, lauric acid, n-decane, n-dodecane, n-tetradecane, and n-hexadecane. pSUTS5 is an empty vector and pSNF1 carries YISNF1
under its native promoter.
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é SN ; £ 4 %
Glycerol Glucose n-Decane

DIC YISnf1-EGFP DAPI Merge

Glycerol

Glucose

n-Decane

25

20 A

15 4

Percentage ratio of cells with
distinct Y/Snfl1-EGFP spots

Glycerol Glucose n-Decane

Fig. 2. The subcellular localization of YISnfl-EGFP. A. The functional analysis of YISnfl-EGFP was performed by culturing AYIsnfl expressing
YISnf1-EGFP on n-decane at 30 °C for 4 days. B. The subcellular localization of YISnfl-EGFP in Y. lipolytica. AYIsnfl expressing YISnfl-EGFP was
cultivated in SG medium to a logarithmic phase and shifted to glycerol, glucose, or n-decane for 1 h. The fluorescence from EGFP and DAPI was
observed under an inverted fluorescence microscope (Scale bar represents 2 pm). C. The ratio of the cells with distinct fluorescent spots of YISnfl-
EGFP in the cytosol. Bars indicate the mean and error bars represent the standard deviation of three independent experiments.
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from the native promoter of SNF1. When this plasmid was introduced into AYIsnf1, the growth of AYIsnf1 was restored to a level similar
to that of the wild-type strain on n-decane, indicating that YISnfl-EGFP was functional in Y. lipolytica (Fig. 2A). The AYIsnf1 strain
expressing YISnfl-EGFP was incubated in medium containing glycerol, glucose, or n-decane for 1 h, and the fluorescent signals of
YISnf1-EGFP were observed (Fig. 2B). Fluorescent signals of YISnfl-EGFP were observed in the cytoplasm and nucleus of cells incu-
bated in a medium containing glucose or glycerol. When this strain was incubated in n-decane-containing medium, a similar locali-
zation pattern of YISnfl-EGFP was observed, but some cells (approximately 15 %, n = 100) displayed distinct spots of fluorescence
signals of YISnfl-EGFP in the cytosol but not in the nucleus (indicated by white arrows) (Fig. 2B and C). These findings suggest the
possibility that YISnf1 altered its subcellular localization in response to n-alkane.

3.3. Role of YISnf1 in transcription of genes involved in n-alkane utilization

To further elucidate the role of YISNFI on n-alkane metabolism in Y. lipolytica, transcriptome analysis was performed on the wild-
type strain and AYisnfl cultured in a medium containing n-decane using RNA-seq. According to the transcriptome data, AYlsnfI
possessed 433 differentially expressed genes (DEGs) with 302 downregulated and 131 upregulated genes, compared with the wild-type
strain, at a 2.5 logoFC cut-off and adj P-value <0.05 (Supplementary Table 1). Among the DEGs, the expression of the YALIOC00429g
coding for the YISip2 p subunit of the Snfl/AMPK complex was substantially downregulated (logoFC = — 5.2), suggesting a regulatory
role of YISnfl in the transcription of the YISIP2 in Y. lipolytica (Table 2). In contrast, no significant change was observed in the
expression of the YALIOE13926g and YALIOC03421g coding for the YIGal83 p subunit and YISnf4 y subunit, respectively (Table 2).

Transcriptome analysis also showed the downregulation of genes associated with various processes of n-alkane and fatty acid
utilization or their homologs following the deletion of YISNF1 (Table 3). The transcript levels of eight ALK genes, including ALK1,
ALK2, ALK3, ALK4, ALK5, ALK6, ALK9, and ALK11, whose products have activities to oxidize n-alkane or fatty acid except ALK11,
significantly decreased. Furthermore, the transcript level of YASI, encoding the basic helix-loop-helix transcription factor involved in
the transcriptional activation of ALK1 in response to n-alkane, decreased substantially. In addition, AYIsnfl exhibited downregulation
of 6 alcohol dehydrogenase genes (ADHI-ADH4, ADH6, and ADH?) as well as the fatty alcohol oxidase gene FAOI (Supplementary
Table 2). A reduction in the transcript levels of the FALDH genes HFD2 and HFD3, involved in the oxidation of fatty aldehydes, was also
observed. Furthermore, AYlsnfl had substantially diminished expression levels of the 12 acyl-CoA synthetase genes (FATI, FAT3,
FAT4, AAL1-AAL7, and AAL9-AAL10) and p-oxidation-associated genes (POX1-6, PAT1, POT1, and MFE2) [3,7,14]. In addition to
genes encoding enzymes involved in n-alkane and fatty acid metabolism, the downregulation of genes associated with peroxisome
biogenesis was observed in AYlIsnfI. These results suggested that the transcription of genes involved in the metabolism of n-alkane and
fatty acid is impaired when YISNF1 was deleted. Next, gene ontology (GO) and enriched KEGG pathway analyses were used to explore
the roles of the YISNFI in Y. lipolytica (Tables 4 and 5, respectively). Both GO and KEGG analyses demonstrated that the genes
significantly downregulated in AYlsnf]l were mainly associated with fatty acid metabolism and peroxisomes. In addition, GO analysis
indicated that the transcription of genes associated with CoA-ligase activity, oxidoreductase activity, alcohol dehydrogenase (NAD)
activity, heme binding, flavin adenine dinucleotide binding, fatty acid binding, and acyl-CoA oxidase activity, all of which could be
involved in the metabolism of n-alkane and fatty acids, was significantly diminished in AYIsnf1. These results suggest the crucial role of
YISnfl in the n-alkane and fatty acid assimilation of Y. lipolytica.

In contrast, the deletion of YISnf1 led to a significant upregulation of 131 genes that did not appear to be associated with n-alkane or
fatty acid metabolism. GO analysis revealed that genes encoding integral components of the plasma membrane were enriched among
the upregulated genes. Moreover, enrichment of the KEGG pathway suggested that genes involved in metabolic pathway and
biosynthesis of secondary metabolites and amino acids were upregulated in AYisnf1.

To validate the transcriptome analysis, QRT-PCR was used to analyze the transcription of key genes associated with the assimilation
of n-alkane and fatty acids, including ALK1-ALK3, ALK5, ADH7, PAT1, POT1, POX2, PEX3, PEX11, YAS1, and HFD3. In agreement with
the RNA-seq analysis, the transcript levels of these genes in AYlsnfl greatly decreased compared to those in the wild-type strain
(Fig. 3). These results suggest that YISnf1 is a transcriptional regulator of genes involved in the metabolism of n-alkane and fatty acids
in Y. lipolytica.

3.4. Role of YISnf1 in utilization of exogenous fatty alcohol and fatty aldehyde

To further clarify the role of YISNFI in the metabolism of hydrophobic substrates, the growth of AYIsnfl on fatty alcohol (1-
dodecanol) and fatty aldehyde (dodecanal) was analyzed. AYlsnfl displayed growth retardation in exogenous 1-dodecanol and
dodecanal (Fig. 4). This defect was suppressed by the expression of the gene encoding YISnfl tagged with three copies of the HA

Table 2

List of genes involved in a YISnfl complex and their transcript levels determined by RNA-seq analysis.
Locus tag Gene Log,FC (snfl1/SNF1) Adj. P-value Functions Ref.
YALIO C00429g SIp2 -5.20 8.68E > Sip2: B-subunit of Snfl protein kinase complex [26]
YALIO_E13926g GAL83 —0.08 8.69E Gal83: p-subunit of Snfl protein kinase complex [26]
YALIO C03421g" SNF4 0.47 2.71E7! Snf4: y-subunit of Snfl protein kinase complex [26]

& YALIO C03421g was identified as an ortholog of ScSnf4, which encodes a functional protein [26].
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Table 3

List of genes involved in the assimilation of n-alkane or fatty acid and their homologs, that showed significant changes in the transcript levels in

AYlsnf1, analyzed by RNA-seq.

Heliyon 10 (2024) e32886

Locus tag Gene Log,FC (snf1/ Adj. P- Functions Ref.
SNF1) value

1. Genes encoding cytochrome P450s in the CYP52-family

YALIO B13838g  ALK5 -8.17 2.10E"%2 AIKS5: Cytochromes P450: w-hydroxylation of fatty acid [10,39,40]

YALIO B06248g  ALK9 -7.23 2.18E°%° Alk9: Cytochromes P450: Oxidation of long-carbon chain n-alkane (C16-C18) [10,38,39]

YALIO.C10054g ~ ALK11  —6.72 1.24E°78 Alk11: Cytochromes P450: w-hydroxylation of fatty acid [10,38,39]

YALIO E23474g  ALK3 —5.03 4,10E°%° Alk3: Cytochromes P450: Oxidation of various carbon chain n-alkane [40]
(C10-C18)

YALIO_B0O1848g  ALK6 —4.60 5.18E3! Alk6: Cytochromes P450: Oxidation of long-carbon chain n-alkane (C16-C18) [10,38-40]

YALIO E25982¢g  ALK1 —4.33 1.26E %8 Alk1: Cytochromes P450: Oxidation of various carbon chain n-alkane [10,29,
(C10-C18) to fatty alcohol 38-40]

YALIO_B13816g  ALK4 —3.53 1.89E~% Alk4: Cytochromes P450: w-hydroxylation of fatty acid [10,38-40,

50]

YALIO F01320g  ALK2 -3.16 2.03E713 Alk2: Cytochromes P450: Oxidation of long- carbon chain n-alkane (C16-C18) [10,38-40]

2. Genes encoding alcohol dehydrogenases and fatty alcohol oxidase

YALIO_EO7766g ~ ADH7  —8.04 4.40E°%8 Adh7: Alcohol dehydrogenase 7 [12]

YALIO_D25630g  ADHI —7.36 1.13E~% Adh1: Alcohol dehydrogenase 1: metabolism of exogenous fatty alcohols (C12, [12]
C14 & C16)

YALIO A16379g  ADH3 —6.60 7.70E~>* Adh3: Alcohol dehydrogenase 3 metabolism of exogenous fatty alcohols (C12, [12]
Cl14 & C16)

YALIO_E15818¢  ADH4 —6.16 1.54E71 Adh4: Alcohol dehydrogenase 4 [12]

YALIOA15147g ADH6  —4.52 4.00E32 Adhé: Alcohol dehydrogenase 6 [12]

YALIOE17787g ADH2  —4.44 2.90E% Adh2: Alcohol dehydrogenase 2 [12]

YALIO_.C12595g  ADH8 —3.53 1.30E718 Adh8: Alcohol dehydrogenase 8 [51]

3. Genes encoding fatty aldehyde dehydrogenases

YALIO.A17875g  HFD3 -9.52 2.78E71%° Hfd3: Fatty aldehyde dehydrogenase 3 [13]

YALIO_E15400g  HFD2 —4.62 1.91E7%° Hfd2: Fatty aldehyde dehydrogenase 2 [13]

4. Genes encoding acyl-CoA synthetases

YALIO_F06556g  AAL5 -8.87 6.28E777 Aal5: Acyl-CoA synthetase [52]

YALIO E05951g  AAL3 —7.88 2.44E7% Aal3: Acyl-CoA synthetase [52]

YALIO.E12419g  AAL4 —7.04 2.87E71%° Aal4: Acyl-CoA synthetase [15,52]

YALIO.A14234g  AAL2 —6.64 9.37E"% Aal2: Acyl-CoA synthetase [52]

YALIO.C09284g  FAT4 —-5.22 1.49E733 Fat4: Acyl-CoA synthetase [14]

YALIO B05456g  FAT3 —4.71 7.96E°% Fat3: Acyl-CoA synthetase [14]

YALIO E16016g  FATI —4.60 6.09E3! Fatl: Acyl-CoA synthetase [14]

YALIO_E20405g  AAL7 -4.53 8.20E 3¢ Aal7: Acyl-CoA synthetase [15,52]

YALIO.A15103g  AAL9 —4.30 3.15E7 %4 Aal9: Acyl-CoA synthetase [52]

YALIO.D17314g  AAL1I0  —4.17 5.20E 711 Aall10: Acyl-CoA synthetase [52]

YALIO_C05885g  AAL6 -3.76 3.18E715 Aal6: Acyl-CoA synthetase [52]

YALIOE11979g  AAL1 -2.76 6.96E% Aall: Acyl-CoA synthetase [52]

5. Genes involved in g-oxidation

YALIO E27654g POX4 -9.17 3.90E1%8 Pox4: Peroxisomal acyl-CoA oxidase [46]

YALIO_E06567g ~ POX6 —8.52 2.33E 131 Pox6: Peroxisomal acyl-CoA oxidase [46]

YALIO E32835g  POX1 ~7.80 7.64E77° Pox1: Peroxisomal acyl-CoA oxidase [46]

YALIO_ C23859g POX5 —6.51 2.32E7° Pox5: Peroxisomal acyl-CoA oxidase [46]

YALIOE11099g  PATI ~5.69 4.95E %8 Pat1: Peroxisomal acetoacetyl-CoA thiolase [28]

YALIO_.D24750g  POX3 —5.08 4.59E7°6 Pox3: Peroxisomal acyl-CoA oxidase [46]

YALIO.E15378g ~ MFE2 ~5.06 1.25E7%3 Mfe2: Multifunctional enzyme2 [471

YALIO F10857g POX2 —4.76 1.15E* Pox2: Peroxisomal acyl-CoA oxidase [46]

YALIO E18568g  POTI1 —4.02 4,203 Pot1: Peroxisomal 3-ketoacyl-thiolase [48]

6. Genes involved in the transcriptional regulation of n-alkane hydroxylation

YALIO_C02387¢  YASI —4.77 5.13E7% Yas1: Basic Helix-loop-Helix transcription factor: Transcriptional regulation of ~ [27]
ALKs

7. Genes involved in peroxisome biogenesis

YALIO_C04092¢  PEX11 —4.98 5.96E~4 Protein has important role in lipid homeostasis [53]

YALIO B19624g - —4.09 8.65E% Unidentified gene: Predicted for Peroxisomal biogenesis factor 3 (Pex3) [54,55]

YALIO.C18689g  PEX6 —3.55 2.00E~3° Peroxisomal ATPase, a protein dislocase complex [56]

YALIO_F01012g PEX2 -3.36 1.06E"% Peroxisome assembly protein PAY5 (Peroxin-2) [57]

YALIO_C15356g  PEX1 -3.23 1.53E°% Peroxisome assembly protein (Peroxin-1) [56]

YALIO_B22660g PEX19 -3.20 1.17E% Involvement of peroxisomal membrane proteins (PMP) stability [58]

YALIO_F22539g  PEX3 -3.02 1.20E" "7 A peroxisomal integral membrane protein required early in peroxisome [59]
biogenesis,

YALIO F28457g  PEX5 —2.92 6.70E718 A Peroxisomal targeting signal 1 (PTS1) receptors [60]
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Table 4

Gene ontology (GO) analysis for DEGs in AYIsnfl compared with CXAU/A1 wild-type strain.
GO term Adj. P-

value

Downregulation
Biological process
Fatty acid beta-oxidation 2.20E" 1!
Secondary metabolic process 8.20E7%
Fatty acid beta-oxidation using acyl-CoA oxidase 2.00E"%
Cellular component
Peroxisome 3.40E" 4
Peroxisomal membrane 8.60E %
Integral component of peroxisomal membrane 1.20E°%
Molecular function
CoA-ligase activity 7.90E~%7
Enoyl-CoA hydratase activity 7.90E~%7

Oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, reduced flavin or flavoprotein as one donor, ~ 4.30E~%°

and incorporation of one atom of oxygen
Alcohol dehydrogenase (NAD) activity
Heme binding
Dodecenoyl-CoA delta-isomerase activity
Flavin adenine dinucleotide binding
Fatty acid binding
Acyl-CoA oxidase activity
Iron ion binding
Acyl-CoA hydrolase activity
Upregulation
Cellular component
Integral component of plasma membrane
Integral component of membrane
Molecular function
Copper ion binding

1.10E"%*
1.30E7%*
1.10E7%
1.30E %%
2.20E7%
2.20E7%
2.20E°%
2.10E7%2

2.80E%
4.50E7%2

1.90E %%

Table 5

KEGG pathway analysis for DEGs in AYIsnfl compared with CXAU/A1 wild-type strain.
KEGG Pathway Adj. P-value
Downregulation
Peroxisome 5.40E %
Fatty acid degradation 5.50E2°
Valine, leucine and isoleucine degradation 3.00E713
Carbon metabolism 6.50E712
Metabolic pathways 3.70E712
Biosynthesis of secondary metabolites 3.70E712
Propanoate metabolism 8.40E710
beta-Alanine metabolism 1.00E"%°
Glyoxylate and dicarboxylate metabolism 3.20E°7
Pyruvate metabolism 3.40E7%
Fatty acid metabolism 3.50E%
Ubiquinone and other terpenoid-quinone biosynthesis 6.10E°%
alpha-Linolenic acid metabolism 3.30E7%°
Biosynthesis of unsaturated fatty acids 5.60E~%°
Glycolysis/Gluconeogenesis 8.80E*°
Tyrosine metabolism 2.90E7%3
Tryptophan metabolism 2.90E7%%
Butanoate metabolism 8.10E %
Pantothenate and CoA biosynthesis 9.80E~%
Lysine degradation 4.80E7%2
Upregulation
Metabolic pathways 1.70E"%°
Biosynthesis of secondary metabolites 1.60E7%2
Biosynthesis of amino acids 4.90E7%2
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Fig. 3. The relative transcript levels of genes involved in the n-alkane and fatty acid utilization. The transcript levels of the genes in AYIsnfI and the
wild-type strain were analyzed by qRT-PCR. The relative gene expression levels of the genes in AYlsnfI to the wild-type strain were determined
using a 2244 method. The -actin gene was used for the normalization.
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Fig. 4. The growth of AYIsnfl on the medium containing fatty alcohol (1-Dodecanol) and fatty aldehyde (Dodecanal). The wild-type strain (CXAU/
Al) and AYlsnfl containing vector (pSUT5) or the plasmid to express Snfl-HA (pSNF1-HA) were cultured for two days in SG medium and then
spotted onto plates with indicated carbon sources in 10-fold serial dilutions. The strains were grown at 30 °C for 2 days on glycerol and glucose or 4
days on n-dodecane, 1-dodecanol, and dodecanal.

epitope (YISnfl-HA), which was shown to be functional because AYIsnf1 expressing YISnfl-HA could grow on a medium containing n-
dodecane. These results suggest the important roles of YISnf1 in the utilization of intermediates of n-alkane metabolism.

4. Discussion

Y. lipolytica is a non-conventional yeast that efficiently uses hydrophobic substrates as its sole carbon source [3,26,30]. In this
study, the role of YISnfl in the utilization of n-alkane in Y. lipolytica. AYlsnfl showed severe growth defects on n-alkane of 10-16
carbons, indicating the vital role of YISnfl in the utilization of n-alkane of Y. lipolytica. Consistent with our findings, the SNF1/snf1
heterozygote strain of diploid Candida tropicalis showed a decrease in cell density compared to the wild-type strain in a medium
containing n-alkane [31]. In addition, when Asnfl of Y. lipolytica was cultured on a glucose-containing medium, slight growth
retardation was observed, similar to the deletion mutants of SNF1 in S. cerevisiae and Candida albicans [32,33]. The dry cell mass of
Y. lipolytica with the YISNF1 mutation in glucose was not significantly different from that of the wild-type strain, which is in line with a
report by Seip et al. [26]. This was potentially due to the high initial inoculum and faster growth kinetics of the cells in the broth
culture system [34,35]. In contrast, it has also been reported that Asnfl strain of Y. lipolytica expressing three cellulases, ATP citrate
lyase, and diacylglycerol acyltransferase genes displayed an increase in cell biomass [26,30]. These differences could probably be due
to differences in their genetic backgrounds and the media used.

In S. cerevisiae, ScSnfl is localized in different subcellular compartments, such as the cytoplasm, vacuoles, and nucleus, depending
on the growth conditions [23]. The localization of Snfl is mediated by the p subunit, ScSip1, ScSip2, or ScGal83 [23]. ScGal83 directs
ScSnfl from the cytoplasm to the nucleus during the shift of the carbon source from glucose to glycerol [23]. In contrast, ScSip2 was
mainly retained in the cytoplasm and responsible for the growth and aging of S. cerevisiae [21,33,36,37]. In Y. lipolytica, YISip2 and
YIGal83 have been identified as orthologs of ScSip2 and ScGal83 [26]. YISnfl could regulate cellular metabolisms and stress responses
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in different cellular compartments by binding to these f subunits. In our findings, the localization pattern of YISnf1-EGFP as spots in the
cytoplasm, excluded from the nucleus in response to n-decane, raises the possibility of specific roles of the corresponding p subunit.
Transcriptome analysis revealed that the transcript levels of YISIP2, but not YIGAL83, substantially decreased in AYIsnf1, suggesting a
functional relationship between YiSip2 and YISnfl in Y. lipolytica. It would be useful to investigate the interaction between the YISnf1l
and its B subunits to portray the association between the function and subcellular localization of the YISnf1 in response to the n-alkane.
In addition, it would be of interest to analyze the growth of deletion mutants of YISIP2 and YIGALS83.

Global transcriptome analysis of AYIsnf1 revealed numerous downregulated genes involved in n-alkane and fatty acid assimilation
processes. The transcript levels of eight ALK genes, ALK1, ALK2, ALK3, ALK4, ALK5, ALK6, ALK9 and ALK11, which encode CYP52-
family P450s, decreased in AYIsnfl grown on n-decane. Among the Alk proteins, Alkl, Alk2, Alk3, Alk6, Alk9, and Alk10 hydroxylate
n-alkanes [10]. Moreover, the double deletion mutants of ALK1 and ALK2 showed severe growth defects on n-alkanes, and the
quadruple deletion of ALK1, ALK2, ALK4, and ALK6 in Y. lipolytica resulted in defective growth on n-alkane of 10-16 carbons [38].
Although no significant effect was observed on the ALK10 transcript level by the deletion of YISNF1, the transcript level of ALK10 was
much lower than that of ALK1, ALK2, ALK3, ALK4, ALK6, or ALK9 [39]. Therefore, one explanation for the growth defect of AYIsnf1 in
media containing n-alkanes could be the reduced transcription levels of these ALK genes owing to the deletion of YISNF1I. It has been
shown that the expression levels of ALK1 and ALK2 are highly upregulated in cells incubated in a medium containing n-alkanes
compared to those in a medium containing glucose in the wild-type strain [39-41]. In this study, the transcript levels of ALK1 and
ALK2 were greatly downregulated in the deletion mutant of YISNF1 cultured in a medium containing n-decane. In contrast, Seip et al.
reported that the transcript levels of ALK1 and ALK2 increased 2.55- and 3.07-folds in a deletion mutant of YISNFI cultured in a
medium containing glucose [26]. Therefore, YISnfl might be involved not only in the transcriptional repression of ALK1 and ALK2 in
the absence of n-alkane but also in the transcriptional activation of these genes in the presence of n-alkane.

Among the eight alcohol dehydrogenase genes, ADHI-ADH7 and FADH, and a fatty alcohol oxidase gene, FAO1, the triple deletion
mutant of ADH1, ADH3, and FAO1 showed severe growth defects in fatty alcohols [12]. Furthermore, a previous study in S. cerevisiae
revealed that the transcription of ADH2 was regulated through Adrl by ScSnfl in response to ethanol [42-44]. In our RNA-seq analysis,
diminished transcript levels of ADH and FAO1 were also observed by the deletion of YISNF1. Thus, one reason for the growth defects of
AYlsnfl on exogenous fatty alcohols may be reduced expression of ADH1, ADH3, and FAOI.

In the FALDH genes, the transcript levels of HFD2 and HFD3 decreased, whereas significant changes in HFD1 and HFD4 were not
observed in AYlsnf1. Iwama et al. reported that a mutant with a quadruple deletion of HFD1-HFD4 showed severe growth defects on n-
alkanes with 12-18 carbons, whereas a double deletion mutant of HFD2 and HFD3 grew normally on n-alkanes [13]. In addition, the

The pathway for n-alkane metabolism Genes that are/could be Homolog genes
involved in the processes
n-Alkane
. ALKI, ALK2, ALK3, ALK6 ALK4, ALKS, ALK7, ALKS,
Cytochome P450
ALK9, ALK10 ALKI11,ALKI12
Fatty alcohol
Fatty alcohol dehydrogenase
; = ADHI1, ADH3 ADH2, ADH4, ADHS5, ADH6
Fatty alcohol oxidase
F401 ADH?7, FADH
Fatty aldehyde
l Fatty aldehyde dehydrogenase HFD1, HFD2, HFD3, HFD4
Fatty acid
\l/ Acyl-CoA synthetase FAA1, FATI, FAT2, FAT3, FAT4 AALI, AAL2, AAL3,AAL5
AAL4, AAL7 AAL6, AALS, AALY, AAL10

Acyl-CoA (n)
POXI, POX2, POX3, POX4
POX5, POX6

Acyl-CoA oxidase
a,3-Enoyl-CoA
2-Enoyl-CoA hydratase
B-Hydroxylacyl-CoA ] MFE2
3-Hydroxyacyl-CoA dehydrogenase
B-Ketoacyl-CoA/ Acetoacetyl-CoA

3-Ketoacyl-CoA thiolase pPoTI
l or or
Acetoacetyl-CoA thiolase PATI

Acyl-CoA (n-2) + Acetyl-CoA

| PEXI, PEX2, PEX3, PEX5 |
PEX6, PEX11, PEX19

Fig. 5. The metabolic pathway of n-alkane with genes involved in the metabolic processes and their regulation in Y. lipolytica. The bold gene names
denote the DEGs obtained from this study that are downregulated under the control of YISnf1.
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quadruple deletion mutant of HFD1-HFD4 can grow on a medium containing fatty aldehydes [13]. Therefore, AYIsnfl showed growth
defects on exogenous fatty aldehydes, probably due to the decreased expression of downstream genes in the metabolic pathway of fatty
aldehydes.

In the 15 ACS-coding genes, FATI plays a critical role in the activation of fatty acids produced during the metabolism of n-alkanes in
the peroxisome for assimilation, while FAA1 is involved in the activation of fatty acids for lipid synthesis [14,45]. Transcriptomic
analysis revealed the downregulation of FATI, but not FAA1, in AYlsnfl. This suggests that YISNF1 is involved in the regulation of the
production of fatty-acyl CoAs from fatty acids produced in the metabolism of n-alkane for p-oxidation in the peroxisome, not for
membrane lipid production in the cytosol [14].

AYlsnfl also exhibited defects in the expression of genes involved in p-oxidation. Single deletion mutants of PAT1, POT1, and MFE2
and a quadruple deletion mutant of POX2, POX3, POX4, and POX5 display growth defects in various n-alkanes and fatty acids in
Y. lipolytica [28,46-48]. Furthermore, deletion of YISNF1 resulted in the downregulation of various PEX genes, including PEX5, PEX6,
and PEX10. It was previously shown that the transcription of ALK1 was decreased by the deletion of PEX5, PEX6, and PEX10 [49]. It is
possible that the deletion of YISNF1 affected the transcription of ALK genes by decreasing the expression of these PEX genes.

The ALK genes are transcriptionally controlled by Yas1, Yas2, and Yas3 [3,16,18,27]. Furthermore, Yas1 induces its expression via
autoregulation [27]. AYlsnf1 exhibited the significant downregulation of YASI regardless of the significant changes in the expression
of YAS2 and YAS3 in the medium containing n-decane. This indicates a regulatory relationship between YASI and YISNF1, in which the
expression of YAS1 is controlled by YISnfl and its autoregulation. The transcription of genes involved in fatty acid metabolism, such as
POT1, is regulated by Por1 [19]. However, the expression of POR1 was not significantly altered by n-decane in AYlsnf1, suggesting that
YISnfl and Porl may function independently in Y. lipolytica.

In conclusion, our findings suggest that YISnf1 is a crucial regulator for the metabolism of the n-alkane in Y. lipolytica. The deletion
of YISNF1 caused growth defects in the medium containing n-alkanes, most likely because of the decrease in the expression of genes
involved in n-alkane metabolism (Fig. 5). The insights obtained in this study will contribute to the advanced application of Y. lipolytica
in the bioconversion of n-alkane to various chemicals and the bioremediation of petroleum-contaminated environments. However, the
mechanism through which YiISnfl regulates the transcription of genes involved in n-alkane assimilation remains unclear. Further
investigation into the molecular mechanism of YISnfl in the regulation of n-alkane metabolism could pave the way for a deeper
understanding of the response to n-alkane in Y. lipolytica.
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