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Abstract 

Yeast is commonly utilized in molecular and cell biology research, and Yarrowia lipolytica is favored by bioengineers due to its ability to produce 
copious amounts of lipids, chemicals, and enzymes for industrial applications. Y. lipolytica is a dimorphic yeast that can proliferate in aerobic and 
hydrophobic environments conducive to industrial use. However, there is limited knowledge about the basic molecular biology of this yeast, 
including how the genome is duplicated and how gene silencing occurs. Genome sequences of Y. lipolytica strains have offered insights into 
this yeast species and have facilitated the development of new industrial applications. Although previous studies have reported the genome 
sequence of a few Y. lipolytica strains, it is of value to have more precise sequences and annotation, particularly for studies of the biology of this 
yeast. To further study and characterize the molecular biology of this microorganism, a high-quality reference genome assembly and annotation 
has been produced for two related Y. lipolytica strains of the opposite mating type, strain E122 ( MATA ) and 22301-5 ( MATB ). The combination 
of short-read and long-read sequencing of genome DNA and short-read and long-read sequencing of transcript cDNAs allowed the genome 
assembly and a comparison with a distantly related Yarrowia strain. 
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Comparisons of the potential mechanisms of initiation of 
DNA replication in the budding yeasts, notably the predic- 
tions of DNA sequence-specific origins of DNA replication, 
have implied major differences between Y. lipolytica and S. 
cerevisiae [ 9 ]. S. cerevisiae and a small clade of highly related 

budding yeasts have origins of DNA replication that are com- 
posed of a number of DNA sequence-specific elements that 
constitute a functional origin of DNA replication [ 10 , 11 ]. 
The origin DNA elements in S. cerevisiae are recognized by 
the origin recognition complex (ORC) and Cdc6, and two es- 
sential initiator subunits of ORC confer base-specific inter- 
actions via an inserted α-helix in the Orc4 subunit (Orc4- 
IH) and a loop in the Orc2 subunit (Orc2-loop) [ 9 , 12 ]. In 

contrast, Yarrowia , like nearly all other fungi and all ani- 
mals and plants, lack these DNA sequence-specific recogni- 
tion domains in Orc2 and Orc4, suggesting that it may have a 
more relaxed DNA sequence-specificity at its origins of DNA 

replication. Moreover, S. cerevisiae has lost RNA interference 
(RNAi) mechanisms but has gained Silent Information Regu- 
lator (SIR) proteins (Sir1, Sir3, and Sir4) that function in gene 
silencing and suppression of recombination of repetitive DNA 

sequences such as ribosome DNA (rDNA) and telomeric DNA 

[ 13–15 ]. Interestingly, Y. lipolytica lacks both RNAi and SIR- 
dependent gene-silencing proteins, including the RNAi silenc- 
ing proteins such as Dicer and Argonaute (Ago) and SIR pro- 
teins, except for Sir2 [ 9 ]. All eukaryotes harbor the Sir2 gene 
that encodes an NAD-dependent histone deacetylase [ 16 ]. The 
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arrowia lipolytica is an ascomycete yeast belonging to the
lass Saccharomycetes , known for its remarkable lipolytic and
roteolytic capabilities, which enable it to thrive in hydropho-
ic, nutrient-rich environments [ 1 ]. Yarrowia, therefore, pro-
iferates in environments rich in lipids and proteins, such as
eat and dairy products, particularly fermented ones like

heeses and dry meats, as well as sewage or oil-polluted wa-
ers [ 2–4 ]. Yarrowia is significantly different from other hemi-
scomycetous yeasts in terms of its genomic features. For in-
tance, it is a heterothallic yeast with two distinct mating
ypes, MATA and MATB, and most natural isolates of this
east are predominantly haploid [ 5 ]. Additionally, the G/C
ontent in Y. lipolytica is notably high, averaging 49% and
eaching nearly 53% in genes, particularly compared to the
ommonly used Saccharomyces cerevisiae with a genome con-
aining 38.3% G/C [ 6 ]. Y. lipolytica and S. cerevisiae are es-
imated to have a common ancestor that existed 300 million
ears ago [ 7 ], making this pair of yeasts attractive for compar-
ng the evolution of fundamental biological processes such as
enome function and DNA replication. Yarrowia also has an
nusually high number of intron-containing genes compared
o S. cerevisiae and its related species [ 8 ]. The number of genes
n Yarrowia is within the typical range for hemiascomycetous
easts, but its genome size is 1.7 times larger than that of S.
erevisiae , which contains approximately the same number of
enes. 
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Figure 1. Breeding and backcrossing strategy for strain development in Y lipolytica . The flowchart illustrates the lineage and mating strategy employed to 
derive key strains of Y. lipolytica . YB423-12 lys1.13 and W29 (CLIB89 MATA ) underwent four rounds of brother–sister mating to generate the 
intermediate strain D2801. D2801 was subjected to six rounds of backcrossing against 2801-7 MATB , resulting in the development of the strain D8051 
MATB . Parallel strategies were employed using Pa MATB and Pc MATA , which were crossed to form 22301-5 MATB . E122 MATA was derived from 

multiple backcrosses and further developed into strains like E129 MATA , E150 (CLIB122 MATB ), and Po1f MATA , widely used for research and industrial 
applications. Color-coded ovals indicate key final strains derived from these processes (e.g. E122 MATA and 22301-5 MATB ). Blue arrows represent 
mating and backcrossing steps; red arrows indicate the lack of a Ura3 marker, and purple arrows indicate the lack of Xpr2 and Axp genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SIR mechanism for suppressing recombination and silencing
gene expression is particularly relevant in S. cerevisiae and its
related budding yeasts such as Kluyveromyces lactis , where
DNA-bound ORC interacts with SIR proteins and contributes
to silencing the mating type genes and to the stability of rDNA
and telomeric repeats [ 17–21 ]. It is, therefore, not known how
Y. lipolytica silences gene expression or suppresses recombina-
tion of repetitive rDNA and telomeric DNA. 

One possible explanation for the occurrence DNA
sequence-specific origins of DNA replication in some bud-
ding yeast species, such as S. cerevisiae , is that these organisms
have lost much of the intergenic DNA and lack introns; there-
fore, they possess a very gene-dense genome relative to their
genome size. The presence of DNA sequence-defined origins
in gene-rich organisms, such as S. cerevisiae , could provide an
advantage in recruiting ORC to intergenic sites within these
species, thereby avoiding conflicts between DNA transcrip-
tion and the initiation of DNA replication, which can result in
genome instability [ 9 , 22 ]. As a result, organisms like S. cere-
visiae , with high gene density and smaller intergenic regions,
have evolved an efficient mechanism to ensure that the repli-
cation complex can find appropriate sites for initiation and
avoid initiating DNA replication in a transcribed region. By
gaining a deeper understanding of how DNA replication is
initiated in a variety of species, including human cells and in
diverse yeasts such as Y. lipolytica , further insights into how
origins of DNA replication are located in the genome and
the replication strategies in eukaryotic cells will become ap- 
parent [ 23 ]. For this reason, the complete genome sequences 
and assemblies of two Y. lipolytica strains of opposite mat- 
ing type were performed to assist in subsequent studies of 
whole genome DNA replication and gene silencing mecha- 
nisms. Both long-read sequencing using PacBio and Oxford 

nanopore methods and short-read Illumina-based methods 
of both genomic DNA and cDNA (complementary DNA, a 
synthetic DNA molecule synthesized from a messenger RNA 

(mRNA) template through reverse transcription) were used 

to generate and assemble the genome of the two Y. lipolytica 
strains. 

Previously, the main reference genome for Y. lipolytica was 
strain CLIB122 (also called E150), a derivative from a mat- 
ing between a French isolate W29 and an American iso- 
late YB423-12 (CBS 6124-2) (see Fig. 1 ), that was obtained 

through short read Sanger sequencing [ 6 , 24 ]. A number of 
other strains have been shot-gun sequenced and their genomes 
compared, resulting in a recent summary of these genome 
comparisons [ 25 ]. The estimated size of the six-chromosome 
genome was ∼21 Mb [ 24 ]. However, these assemblies con- 
tained gaps, and the telomeric ends as well as rDNA re- 
peats could not be integrated into the genome assembly due 
to their repetitive nature. The CLIB122/E150 strain and its 
derivatives, including the commonly used PO1f strain (Fig. 1 ) 
[ 26 ], are the main strains used for laboratory studies. A sum- 
mary of the parental backgrounds, alternative strain names 
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Table 1. Summary of Y. lipolytica strains from Fig. 1 

Strain Alternative names Genotype 

W29 CLIB89 MATA 

YB423-12 – Unknown (lys1 mutant ) 
D2801 – Derived from W29 × YB423-12 
2801–7 – MATB 

D8051 – MATB 

E129 – MATA 

E150 CLIB122 MATB 

Pa – MATB 

Pc – MATA 

E122 – MATA, ura3-302, leu2-270, lys1 
22301-5 – MATB,ura3-302, leu2-270, his1 
Po1f – MATA, leu2-270, ura3-302, 

xpr2-322, axp1-2 

This table provides an overview of all Yarrowia lipolytica strains referenced 
in Fig. 1 , including their alternative names and genotypes. While only the 
E122 MATA and 22301-5 MATB strains were used for experimental work 
in this study, the table summarizes the parental origins from which these 
strains were derived, along with their respective genotypes. The genotype of 
E122 has been changed from the literature [ 57 ] to MATA , ura3-302, leu2- 
270, lys1 (see Results). 
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nd genotypes is shown in Table 1 , including the MATA
nd MATB strains employed herein. A high-quality, near-
ontiguous genome assembly of a distantly related Y. lipoly-
ica strain DSM 3286 (a German strain) was obtained using
 combination of long-read and short-read genomic DNA se-
uencing [ 27 ]. This allowed the characterization of the repet-
tive rDNA and telomeric regions and the observation that
DNA clusters are located near the telomeric regions. Addi-
ionally, the genetic and phenotypic diversity of 56 haploid
trains of Y. lipolytica was investigated by sequencing of a di-
erse set of Y. lipolytica strains collected from various geo-
raphical and biological origins, and included revision of the
ersion of the E150 Y. lipolytica strain genome sequence and
nnotation [ 25 ]. 

In this study, we have used both long and short-read se-
uencing of genomic DNA and cDNA copies of RNA tran-
cripts to precisely compare the genomes of genetically re-
ated MATA and MATB strains that are distant from the DSM
286 strain isolated in Germany and other geographically di-
erse strains that have been sequenced [ 25 , 28 ]. Chromosomal
earrangements were observed comparing the multiple iso-
ates. The sequences allowed annotation of the genome and re-
ealed the presence of many repeated DNA sequences such as
ransposable elements (TEs), including LTR-retrotransposons,
INE elements, and DNA transposons from various families,
hich are distributed variably among strains. Moreover, the
istribution of and number of rDNA repeats was analyzed. 

aterials and methods 

trains: Two related Y lipolytica strains of opposite mating
ype were obtained from Richard A. Rachubunski, Univer-
ity of Alberta, Canada, and single clones were isolated and
sed for both genome and transcript sequencing. The strains
ere 22301-5 ( MATB ) and E122 ( MATA , alternatively called
LIB120) [ 5 , 29 , 30 ] (Fig. 1 and Table 1 ). E122 is MATA ,
ra3-302 , and leu2-270 , lys8-11(but see Results for lys-8), and
s related to the MATB strain E150 (CLIB122 and is the cur-
ent DNA sequence reference strain) [ 6 , 24 ]. Strain 22301-5
s from a different lineage and is MATB, his-1, ura-302, and
eu2-270 (Fig. 1 and Table 1 ). 
DNA and RNA preparation and sequencing 

RNA: To isolate the high molecular weight RNA, the TRI-
zol Plus RNA Purification Kit from Thermo Fisher Scientifics
was used. Briefly, 5 ml liquid of yeast culture was grown to an
OD600 of 2.0, and cells were pelleted and lysed with TRIzol™

reagent according to the user manual. Following lysis, the
RNA present in the sample was bound to the PureLink RNA
Mini Kit Spin Cartridge (12183018A, Invitrogen) where it
was washed to remove contaminants. Lastly, eluted RNA was
stored in 50-μl aliquots at −80◦C. To generate a short-read
RNA, a Direct-zol RNA purification kit from Zymo Research
(Cat # R2050) was used according to the user manual. Long-
read sequencing of RNA transcripts was performed as fol-
lows. The RNA was prepared using the ONT SQK-PCS109
kit according to the manufacturer’s instructions, and it was
loaded onto a PromethION P24 system with a PROM-0002
flow cell. Base-calling was performed using the live hac base-
calling guppy version 3.2.10. Two cells of MATA and MATB
were run for each experiment. 

DNA: For the generation of high molecular weight DNA
and ultra-long nanopore sequencing reads, cells in a 100 ml
culture grown overnight at 30◦C in Yeast extract, Peptone,
and Dextrose (YPD) were harvested, washed in sterile dis-
tilled water and incubated for 2 h at 37◦C in 10 ml SEB buffer
(0.9 M sorbitol, 0.1 M EDTA, and 0.8% β-mercaptoethanol)
containing 5 mg Zymolyase 20T (Sunrise Science products,
CAT#N0766391). Protoplast formation was monitored by
phase contrast microscopy. The protoplasts were then har-
vested, resuspended in 3 ml TE Buffer (Tris-EDTA, pH 8.0),
then 300 μl 10% SDS (sodium dodecyl sulfate) was added,
and the samples were incubated at 65◦C for 30 min.One
milliliters of 5 M potassium acetate was added, and the sam-
ples were kept on ice for 1 h. The supernatant was recovered
after centrifugation, and DNA was precipitated by adding 0.1
volume of 3 M sodium acetate and 2.5 volumes of ethanol
at −20◦C for at least 1 h. The DNA was recovered by cen-
trifugation and resuspended in 3 ml of TE [ 31 ]. Then, 100
μg/ml of proteinase K along with 50 μg/ml RNase A were
added and the samples were incubated at 37◦C for 3 h. Af-
ter centrifugation for 45 min at 12 000 × g and 4◦C, the su-
pernatant was collected and transferred to a 2-ml Eppendorf
tube. Samples were then extracted two more times with phe-
nol/chloroform/isoamyl alcohol and one final time with chlo-
roform. To precipitate DNA, 2–2.5 volumes of 100% ice-cold
ethanol was added to the aqueous phase along with 1/10 vol-
ume of 3 M sodium acetate, mixing by inversion, and samples
were incubated at −20◦C for at least 1 h. The DNA was re-
covered by centrifugation for 20 min at 12 000 × g and 4◦C,
and the pellet was subsequently washed three times with 2 ml
of 80% (vol/vol) ethanol. The pellet was then air dried and
dissolved in 100 μl of Tris-EDTA. 

DNA fragment length and molecular weight distributions
of genomic DNA samples were evaluated using a Femto Pulse
pulse-field capillary electrophoresis system (Agilent). More
than 5 μg of DNA was size selected via SRE XS (Circu-
lomics). The full reaction was repaired and end prepped with
NEBNext FFPE DNA Repair Buffer and Ultra II End prep
kit (NEB). The reaction was cleaned up with 1 × Ampure
beads and precipitated with ethanol. DNA was bound to ONT
adapter from the SQK-LSK109 kit (ONT) via NEBnext Quick
T4 ligation module (NEB). DNA was resuspended in SQB
buffer (ONT) and loading beads (ONT) and sequenced on
one PromethION 24 cell PROM0002 with a 3-day run time. 
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For short-read DNA sequencing, the YeaStar Genomic
DNA Kit from Zymo Research (CAT# D2002) was used ac-
cording to the user manual. DNA sequencing libraries were
prepared per the manufacturer’s instructions with a Kapa
DNA hyperprep kit (Roche CAT #KK8504). It was loaded on
an Illumina MiSeq with a PE150 v2 format. 

DNA sequence assembly 

Long-read processing: The unprocessed long-reads were pro-
duced using Guppy v.5 base-caller from Oxford Nanopore
Technologies ( https://github.com/nanoporetech ). To assemble
the reads, the long-read assembly pipeline Flye v. 2.9-b1774
( https://github.com/fenderglass/Flye ) [ 32 ] was used in nano-
hq mode, which is intended for high-quality reads ( < 5% error
rate). The minimum overlap between reads was set to 7 KB.
The pipeline was run with five iterations of polishing. 

Short-read processing: The paired-end reads were trimmed
using Cutadapt v.3.7 [ 33 ]. Cutadapt removes adapter se-
quences from high-throughput sequencing reads [ 33 ]. BWA
v.0.7.17-r1188 [ 34 ] was used to index the long-read assembly
and align the trimmed short-reads to the assembly. The align-
ments were sorted and indexed using Samtools v.1.14 [ 35 ]. Pi-
lon v1.24 ( https://github.com/broadinstitute/pilon ) [ 36 ] was
used for polishing the long-read assembly with the aligned
short-reads. We obtained exactly one contig per chromosome
and mitochondria for MATB and an extra contig for MATA .
To scaffold the extra contig, we used RaGOO [ 37 ] and the
assembled MATB as the reference genome sequence. 

Transcript assembly 

For the transcriptome assembly, three different transcriptome
assemblies were combined: one from the short-read sequenc-
ing, a second one from the Nanopore long cDNA reads, and a
third combining both. The short-reads were first trimmed us-
ing Trimmomatic v.0.38 [ 38 ]. The trimmed reads were aligned
to the genome using hisat2 (v.2.2.1). A short-read only tran-
scriptome was then assembled using Stringtie v.1.3.6 [ 39 ].
The long cDNA reads were de novo assembled using Oxford
Nanopore’s Workflow Transcriptomes (wf-transcriptomes)
pipeline (v1.1.1). A third transcriptome that used long- and
short-reads was assembled using TASSEL [ 40 ] ( https://github.
com/kainth-amoldeep/TASSEL ). These three transcriptomes
were then combined using gff compare (v.0.12.2) [ 41 ] and the
output was used as input to the annotation pipeline. 

Gene annotations 

The MAKER-P (v.3.0) [ 42 ] pipeline was used to annotate
protein-coding genes in the two strains 22301-5 ( MATB )
and E122 ( MATA ). As evidence, we used all annotated pro-
teins from Y lipolytica (budding yeasts) downloaded from the
NCBI protein database. These protein sequences were clus-
tered using CDHit-est (v4.6) [ 43 ] with parameters (-c 0.95 -n
10 -d 0 -M 3000 -t 1). For transcript evidence, the combined
transcriptome from gff compare was used for transcript as-
sembly. The assembled transcripts were checked and filtered
for intron retention using Suppa (v2) [ 44 ]. For gene prediction,
we used Augustus (v3.3) [ 45 , 46 ] trained on Y. lipolytica and
FGENESH ( http://www.softberry.com ) trained on Schizosac-
charomyces pombe , respectively. Repeat masking was ini-
tially performed using Repeatmasker (RepeatMasker Open-
4.0) with the Ensembl repeat annotation pipeline, employing
parameters (-nolow -gccalc -species “Fungi” -engine ncbi) and
a yeast specific library. The resulting repeat-masked genomes 
were then used for annotation with MAKER-P, incorporating 
additional protein evidence. To improve repeat identification 

and capture lineage-specific elements not represented in cu- 
rated libraries, we additionally performed de novo repeat an- 
notation using the EDTA tool [ 47 ]. This combined approach 

allows for more comprehensive detection and classification of 
repetitive elements. Additional improvements to structural an- 
notations were done using PASA (v2.3.3) [ 48 ] using the assem- 
bled transcriptome and fungal EST from NCBI using query 
(EST[Keyword] AND fungi [Organism]. Gene identifiers were 
assigned using existing nomenclature schema established for 
Yarrowia for each strain [ 6 , 24 ]. Functional domain identi- 
fication was completed with InterProScan (v5.38–76.0) [ 49 ].
TRaCE [ 50 ] was used to assign canonical transcripts based on 

domain coverage, protein length, and similarity to transcripts 
assembled by StringTie (v1.3.4a) [ 39 ]. Finally, the gene anno- 
tations were imported to Ensembl core databases, verified, and 

validated for translation using the Ensembl API [ 51 ]. 
Genome comparative analysis was done using 5 Y. lipolyt- 

ica strains including 15 closely related species and outgroups 
providing the foundation for building protein-based gene trees 
based on the EnsemblCompara pipeline [ 52 ]. 

Results 

A hybrid assembly approach was employed by pairing Il- 
lumina short-read DNA sequences and high-quality long- 
read DNA sequences with much-improved base-calling using 
NANOPORE Technologies’ Guppy 5 base caller with very 
high mean coverage, as indicated in Fig. 2 A and Table 2 .
Longer contiguous and quasi-contiguous genome assemblies 
for the E122 MATA and 22301-5 MATB genomes were ob- 
tained, compared to previous assemblies of the related French 

isolates. The improvements over the reference assembly for 
strain CLIB122-E150 included the incorporation of telomeric 
repeats on each chromosome, as well as a decrease in the esti- 
mated number of missing essential gene markers according to 

BUSCO assessment. We assessed the quality of the assemblies 
using BUSCO version 4.1.1 [ 53 ], which employs AUGUSTUS 
as the gene predictor in genome mode on the Saccharomycetes 
lineage set of 2137 essential genes. The results indicate a com- 
pleteness index of 96.8% (Fig. 2 B). Yarrowia appears to be 
missing genes that are present in other Saccharomycetes , or 
the genes are diverged enough so that BUSCO does not detect 
them. 

A dot plot produced with chromeister (release 1.5.a.) [ 54 ] 
compared the E122 MATA and 22301-5 MATB genomes,
revealing very high similarity between these two related 

genomes, as expected (Fig. 3 A). The similarity score indicated 

a divergence of just 0.003. In contrast, a similar comparison 

between 22301-5 MATB and the German isolate DSM 3286 

showed considerable genome rearrangements and a reduced 

similarity score of 0.0031 (Fig. 3 B), as noted previously [ 27 ].
When the genes that were expressed in E122 MATA but not 
22301-5 MATB were analyzed, they were in and surrounding 
the MATA locus and included Sla2 , encoding an actin-binding 
protein, and Apn2 , encoding a DNA-(apurinic or apyrimidinic 
site) lyase, both genes that flank the MATA locus [ 55 , 56 ], as 
well as the MATA1 and MATA2 mating type genes [ 56 ]. 

The genotypes of the two strains cited in the literature 
are E122, MATA , ura3-302 , leu2-270, lys8-11 , and 22301- 
5 MATB, ura3-302, leu2-270, and his1. We confirmed the aux- 

https://github.com/nanoporetech
https://github.com/fenderglass/Flye
https://github.com/broadinstitute/pilon
https://github.com/kainth-amoldeep/TASSEL
http://www.softberry.com
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Figure 2. Comparison of genome assembly metrics between Y. lipolytica strains E122 ( MATA ) and 22301-5 ( MATB ). ( A ) Coverage versus minimal read 
length distribution: Coverage (X) is plotted against minimal read lengths for both strains. The blue line represents E122 MATA , while the orange line 
represents 22301-5 MATB . The higher coverage for 22301-5 MATB indicates a more profound sequencing effort compared to E122 MATA . The gradual 
decline in coverage with increasing read length reflects the expected distribution of read sizes. ( B ) Figure produced by BUSCO depicting genome 
completeness analysis across four Y lipolytica strains (CLIB122, DSM 3286, E122 MATA , and 22301-5 MATB ). C: Number of complete BUSCO genes, 
divided into S: Single-copy genes and D: Duplicated genes. F: Number of fragmented BUSCO genes. M: Number of missing BUSCO genes. N: Total 
number of BUSCO groups analyzed (2137). Each bar represents the percentage distribution of these categories for a strain. Most BUSCO groups are 
complete and single-copy (light green), reflecting high genome assembly quality. Slight variations in duplicated (blue), fragmented (yellow), and missing 
(red) categories highlight subtle differences in genome assemblies among the strains. 

Table 2. Comparative genome assembly statistics for Y. lipolytica strains 
E122 ( MATA ) and 22301-5 ( MATB ) 

Column1 E122 MATA 22301-5 MATB 

Total read length 35055999261 53578162586 
Mean coverage 1630 2364 
Reads N50/N90 19835 / 6596 19758 / 6756 
Total length 21019611 21008502 
Fragments N50 3712330 3688210 
Fragments 8 7 
Largest fragment 4317224 4320808 
Total length 20313536 21008502 

Total read length: Total bases sequenced for each strain; Mean coverage: 
Average sequencing coverage (sequencing depth); Reads N50/N90: Median 
(N50) and 90th percentile (N90) read lengths; Total length: Total assembled 
genome length in base pairs. 
Fragments N50: Fragments: Number of assembled fragments; Largest Frag- 
ment: Largest assembled fragment in base pairs; Total Length (Alternate): 
Total length in base pairs across all fragments. These statistics provide a de- 
tailed comparison of genome assembly quality, highlighting the structural 
integrity of the two Y. lipolytica strains. 
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trophic markers on selective media and analyzed the DNA
equences of the URA3 , LEU2 , HIS1 , and LYS genes. The
RA3, HIS1 , and LEU2 gene sequences showed mutations

n the relevant strains, however we found that E122 had a
eletion in the LYS1 gene encoding homocitrate synthase that
ould explain the lysine autotrophy. The LYS1 gene was wild-
ype in strain 22301-5. The first report of the lys8-11 muta-
ion in E122 we could find was reported by Nuttley et al . [ 57 ];
owever, a description of the mutation was not provided. We,
herefore, suggest that strain E122 is lys1 and not lys8 and we
hence forth will refer its genotype as MATA , ura3-302, leu2-
270, lys1 (Table 1 ). 

Gene annotations and comparative analysis 

The structural gene annotation pipeline identified 7728 and
7769 genes in Y. lipolytica strains E122 ( MATA ) and 22301-5
( MATB ), respectively (Table 3 ). This gene count surpasses that
of previously reported Yarrowia strains DSM 3286 [ 27 ] with
6 439 protein-coding genes and the reference strain CLIB-122
[ 58 ] with 6448 protein-coding genes. To further evaluate an-
notation quality, we utilized the Annotation Edit Distance
(AED) score generated by MAKER-P [ 42 ]. An AED score of
0 indicates genes supported by evidence, while a score of 1 in-
dicates a lack of evidence. Employing mRNA and homology
evidence, as described in the methods, to calculate AED scores
yielded 6297 and 6212 genes with some evidence (AED score
< 1) in strains E122 MATA and 22301-5 MATB , respectively.
In contrast, strains DSM 3286 and CLIB-122 (E150) exhib-
ited 6236 and 6387 protein-coding genes with AED scores <
1 (Table 3 ). 

When comparing annotation features between the strains
E122 MATA and 22301-5 MATB using genes filtered by
AED < 1, it was observed that most protein-coding genes con-
tained a single exon. Moreover, we found more genes in E122
MATA and 22301-5 MATB with multiple introns compared
to the previously analyzed strains (Fig. 4 A). The average in-
tron size decreased with introns closer to the 3′ -end of the
gene (Fig. 4 B). The shortest introns were ∼40 base pairs and
the longest intron was 6782 base pairs (Fig. 4 C and D ). The
median gene lengths in E122 MATA and 22301-5 MATB were



6 Zali et al.

22301-5 MATB

E1
22

 M
AT
A

MATA_MATB.mat filt. Score = 0.003

1             2                3                   4                    5                     6         M 

 1           2               3                  4                  5                    6        
M

A DSM3286 _MATB.mat filt. Score = 0.031

6 
   

   
   

   
   

   
 5

   
   

   
   

   
   

4 
   

   
   

   
   

  3
   

   
   

   
   

2 
   

   
   

 1
 

22
30

1-
5 
M
AT
B

DSM3286

1             2                3                   4                    5                      6          

B

Figure 3. Assembly alignment comparison. ( A ) Dot plot of the final assemblies for E122 MATA and 22301-5 MATB shows synteny between the two 
genomes. The diagonal alignment highlights the high degree of sequence conservation, with a calculated score of 0.003, indicating minor structural or 
sequence variations between the two genomes. These data highlight the quality of sequencing and genome assembly while comparing structural 
differences between these two strains of Y. lipolytica . ( B ) Dot plot of the sequences for 22301-5 MATB and DSM 2386. The diagonal alignment highlights 
the genome rearrangements between the two strains, thereby reflecting a lower calculated score of 0.031. 

Table 3. Comparative gene and transcriptomic features of Y. lipolytica strains 

Column 1 E122 MATA 22301-5 MATB DSM3286 CLIB122 

Total protein-coding genes 7728 7769 6439 6448 
Gene count AED < 1 6297 6212 6236 6387 
Gene length (median) 1473 1434 1287 1245 
Exon count 7975 7861 7661 7457 
Exon length (median) 1071 1050 1033 1059 
Intron count 1678 1649 1425 1070 
Intron length (median) 208 203 193 207 
Peptide count 6312 6221 6236 6387 
Peptide length (median) 400 405 408 403 
Exons per transcript (Avg) 1.3 1.3 1.2 1.2 
Single-exon gene count(%) 78.2 78.3 81 85.2 

This table presents the genomic and transcriptomic characteristics of four Y. lipolytica strains (E122 MATA , 22301-5 MATB , DSM3286, and CLIB122), 
highlighting differences in gene structure and composition. The Y. lipolytica strains exhibit notable variations in gene structure, with 22301-5 MATB having 
the highest gene count (7769) and DSM3286 the lowest (6439), while E122 MATA has the longest median gene length (1473 bp). The high proportion of 
single-exon genes (78.2%–85.2%) and low exons per transcript ( ∼1.2–1.3) suggest a predominantly condensed genetic structure, with CLIB122 having the 
most compact gene architecture and E122 MATA showing greater structural complexity. These data provide insights into structural genomic variation and 
transcriptional complexity across these Y. lipolytica strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

higher than previously estimated, reflecting their increased in-
tron counts compared to the other two strains (Table 3 ). Y.
lipolytica genomes are known to be intron-rich, with previ-
ous estimates of 15% of genes containing introns, which is
4 times that of S. cerevisiae [ 8 ]. Intron-containing genes in
E122 MATA , 22301-5 MATB , and the DSM 3286 strain rep-
resented ∼20% of the protein-coding genes, highlighting the
improvement in genome assembly using long-read technol-
ogy compared to CLIB-122. 80% of these intron-containing
genes were mono-intronic, compared to 20% that were multi-
intronic (with up to five introns). The internal exons of the
multi-intronic genes were mostly short compared to first in-
tron (Fig. 4 B and D ). 

A total of 9453 orthologous genes were identified across
the four Y. lipolytica strains analyzed (E122 MATA , 22301-
5 MATB , DSM 3286, and CLIB-122; Fig. 5 A). Of these, 6050 

were core genes found in all four strains, as indicated by 
the largest bar (pattern “1111”) in the UpSet plot (Fig. 5 B,
lower panel). This number closely matches the 6042 core 
genes previously detected in a survey of seven Y. lipolytica 
strains and is slightly lower than the 6528 core genes found 

among 54 strains in a pan-genome analysis (25). This mod- 
est difference between the core and pan-genome further sup- 
ports the low genetic diversity of Y. lipolytica , consistent with 

prior reports (25). We also identified 1204 gene ortholog 
groups that are uniquely present in both laboratory strains 
(E122 MATA and 22301-5 MATB ) but absent from DSM 

3286 and CLIB-122, as shown by the bar corresponding to 

the “1100” intersection pattern in Fig. 5 B. To further un- 
derstand the potential functions of these 1204 unique or- 
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holog groups, we performed Gene Ontology (GO) enrich-
ent analysis. Figure 5 C displays the significantly enriched
olecular functions, and Fig. 5 D shows the enriched bio-

ogical processes. GO analysis of the 1204 unique ortholog
roups revealed only 14 genes with associated GO terms.
mong these, enrichment analysis indicated significant over-

epresentation of functions related to iron and sulfur clus-
er binding (GO:0051537), methylmalonate-semialdehyde de-
ydrogenase (acylating) activity (GO:0004491), oxidoreduc-
ase activity (GO:0016491), and TBP-class protein bind-
ng (GO:0017025) (Fig. 5 C). Biological process enrichment
urther highlighted DNA-templated transcription initiation
GO:0006352) (Fig. 5 D). 

nalysis of repeat sequences 

e compared repeat landscapes in four Y. lipolytica genomes
sing a yeast-specific RepeatMasker library (Fig. 6 A). The
122 ( MATA ) and 22301-5 ( MATB ) assemblies were built
ntirely from high-quality ONT long reads polished with Il-
umina data (Flye v2.9; five polishing rounds). In contrast,
he DSM3286 reference derives from a hybrid ONT + Illu-
ina workflow (Canu v1.6 → Nanopolish → 19 × Pilon)

 27 ], while the legacy CLIB122 genome was produced by
arge-insert Sanger shotgun sequencing [ 8 ]. E122 and 22301-
 contain markedly more RNA repeats, LTRs, LINEs, and
INEs than DSM3286, whereas CLIB122 shows the lowest
ounts in every retro-element class (Fig. 6 ). Because short-read
nd Sanger assemblies routinely collapse multi-copy retro-
ransposons and leave telomere/rDNA gaps, we attribute most
f this disparity to assembly bias rather than true biological
oss of RNA elements. Within the long-read genomes, repeat
profiles are concordant: RNA repeats ∼ 30%, simple repeats
35%–40%, and LTRs 15%–18%. DSM3286 shows a mod-
est skew toward simple repeats ( ∼55%) and away from RNA
repeats ( ∼10%), consistent with partial collapse during hy-
brid polishing, a signature of short-read polishing workflows
(e.g. multiple Pilon rounds) that collapse multi-copy retro-
elements and inflate adjacent microsatellites [ 59 ]. Controlled
benchmarks show that short-read assemblies miss 26%–57%
of TE insertions that long-read assemblies recover [ 60 ]. To
complement the RepeatMasker-based annotation, we also per-
formed de novo repeat identification using the EDTA tool [ 47 ],
which captures previously unannotated and lineage-specific
repeat elements not represented in curated libraries. A sum-
mary of the EDTA-identified repeats, including classification
and abundance in both MATA and MATB strains, is pro-
vided in Fig. 6 B. To assess their functional impact, we an-
alyzed overlaps between annotated repeats (from both cu-
rated and de novo sources and gene loci). This analysis re-
vealed that 661 genes in the MATA strain and 649 genes in the
MATB strain overlap with repeat elements, suggesting that re-
peats may influence gene regulation or genome architecture in
Y. lipolytica. 

As previously observed [ 27 ], the rDNA repeats consisting
of the 18S and 28S genes were located at the ends of chro-
mosomes B (right end), C (both ends), E (right end), and
F (both ends) and lie adjacent to the telomeres (Fig. 7 A).
The 5S rDNA genes are scattered throughout the genome
on every chromosome. For the E122 MATA and 22301-
5 MATB strains, the calculated size of these repeats in
kilobase pairs (yellow bar) and the number of rDNA re-
peats (blue bar) for each region of the genome is shown in
Fig. 7 B. 
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Discussion 

Heterothallic yeast, like Y. lipolytica , typically engage in out-
crossing, where genetic material is exchanged between indi-
viduals of different mating types. This may lead to greater ge-
netic diversity and adaptability to changing environments and
contribute to divergence and speciation [ 61 ]. In contrast, ho-
mothallic yeast, such as S. cerevisiae , primarily engage in self-
ing since they can switch their mating type through a gene con-
version process initiated by the HO endonuclease [ 62 ], where
diploidization occurs within nearly identical genotypes. This
process may result in the fixation of beneficial alleles or the
accumulation of deleterious mutations, potentially leading to
lower genetic diversity [ 63 ]. These differences in reproductive
strategies lead to distinct recombination pathways in the two
types of yeast [ 64 ]. However, a recent comparison of 56 shot-
gun sequenced strains showed a very low level of genetic di-
versity, indicating that Y. lipolytica may be a species that has 
recently emerged [ 25 ]. 

Y. lipolytica exhibits a remarkably low rate of mating and 

spore viability between different lineages due to chromoso- 
mal rearrangements, which may contribute to its poor fertil- 
ity. However, even without genome rearrangements, Yarrowia 
has very poor mating frequency [ 5 ]. Chromosomal rearrange- 
ments in Y. lipolytica could have been caused by crossing- 
over events facilitated by the different types of TEs present 
in the organism [ 27 ]. Yeast genomes contain mobile genetic 
elements, such as transposons and retrotransposons, which 

can translocate within the genome. These elements can be in- 
serted into new locations within the genome or cause chro- 
mosomal reorganization by combining with various regions.
The prevalence of repeated sequences found in the E122 

MATA and 22301-5 MATB strains may also play a role in 
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Figure 6. Comparative repeat composition in the genomes of Y. lipolytica strains E122 MATA, 22301-5 MATB, DSM 3286, and CLIB122. ( A ) Repeat 
element composition in four Y. lipolytica genomes. Stacked bars show absolute counts of major repeat types across E122 MATA, 22301-5 MATB, DSM 

3286, and CLIB122. ( B ) Classification of repeat elements identified by EDTA. Table summarizes the number of elements per transposon subclass in each 
genome, including LTRs, TIRs, non-LTRs, and helitrons. 
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earranging and evolving the genome of this yeast species,
onsistent with the notion that TEs and other repetitive el-
ments can be significant contributors to genome evolution
 25 , 27 ]. 

We found a higher number of introns in the E122 MATA
nd 22301-5 MATB strains compared to the DSM 3286 and
LIB122 strains (Fig. 4 ), with most genes having a single in-

ron. In particular, we observed a higher proportion of genes
ith more than one intron in E122 and 22301-5. This intron-

ich genome may enable the production of multiple protein
soforms from a single gene, offering Yarrowia the ability to
apidly adapt to changing environments or industrial pro-
esses. This could prove especially valuable for Yarrowia , as
t frequently operates in diverse and challenging growth con-
itions. 
The enhanced genome assembly and annotation of Y. lipoly-

ica strain E122 MATA and 22301-5 MATB , was made pos-
ible by employing a hybrid sequencing approach that com-
ined the precision of Illumina short reads with the length of
Oxford Nanopore long reads and advanced base calling with
Guppy 5. This high-quality assembly allowed us to capture
telomeric regions, rDNA repeats and improve the complete-
ness of essential gene markers, achieving a BUSCO score of
96.8%. These results establish a strong foundation for fur-
ther functional and comparative studies on Y. lipolytica and
its applications. 

Gene annotation and genetic di ver sity 

Our comparative gene analysis revealed significant differ-
ences between the sequenced E122 MATA and 22301-5
MATB strains and other previously studied Yarrowia strains,
such as DSM 3286 and CLIB-122. The increased gene
count in E122 MATA and 22301-5 MATB and the pres-
ence of alternative isoforms suggest a potentially broader ge-
netic repertoire and greater regulatory complexity in these
strains. This added complexity may reflect adaptive mecha-
nisms developed in response to specific environmental and
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Figure 7. Analysis of rDNA repeats. ( A ) Genome landscape of six chromosomes of Y. lipolytica mapped rDNA (red bar) and telomere (orange diamond) 
sequences. The known centromere sequences are shown with black bars. ( B ) This bar chart compares the Length (in kilobases, yellow bars) and Count 
(purple bars) of annotated features for specific regions across chromosomes in the genome. The x -axis represents distinct chromosome regions, 
including ChrB-R (right arm of Chromosome B), ChrC-L (left arm of Chromosome C), ChrC-R (right arm of Chromosome C), ChrE-R (right arm of 
Chromosome E), ChrF-L (left arm of Chromosome F), and ChrF-R (right arm of Chromosome F). The yellow bars indicate the cumulative length of the 
regions (in kilobases), while the purple bars indicate the total count of rDNA repeats (excluding telomeric) identified within these regions. The rDNA 

repeats were determined by similarity to published rDNA sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

industrial conditions. For instance, the increased median
gene length, attributed to a higher intron count, suggests
unique gene structures that could enhance regulatory flexi-
bility, supporting more intricate metabolic or stress-response
pathways. 

The core gene analysis indicates that E122 MATA and
22301-5 MATB share 5975 core genes with other Yarrowia
strains, consistent with prior findings of limited genetic di-
versity within Y. lipolytica [ 25 ]. However, identifying 1204
unique ortholog groups in MATA and MATB suggests sub-
tle genomic differences that could contribute to strain-specific
phenotypes. GO enrichment analysis of these unique genes
emphasizes metabolic processes and transcription initiation.
These functions are advantageous in environmental settings
where efficient resource utilization and adaptability to stress-

ful conditions are beneficial. 
Repeat elements and genomic evolution 

The investigation into repetitive DNA elements highlights 
more repeats in E122 MATA and 22301-5 MATB , particu- 
larly in RNA, LTRs, LINE, and SINE elements, compared to 

DSM 3286 and CLIB122 (Fig. 6 B). The distinct repeat pro- 
files observed in E122 MATA and 22301-5 MATB —with a 
balance of RNA and simple repeats making up 30%–40% of 
the genome—suggest unique genomic architectures that may 
influence adaptation. The higher proportions of certain repeat 
types, particularly simple and RNA repeats, could facilitate 
rapid genomic changes, enhancing adaptability in dynamic en- 
vironments like industrial fermentation. 

These repeat variations among strains may indicate differ- 
ent genomic stability and plasticity strategies. For example,
the high LTR content in DSM 3286 may signify historical 
transposon activity, promoting genomic rearrangements. In 
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Institutes of Health. 
ontrast, the more balanced and stable repeat landscape in
122 MATA and 22301-5 MATB suggests a refined evolu-
ionary adaptation that could confer resilience in industrial
ontexts. The conserved nature of certain repeat types across
trains, such as LINE elements, suggests shared functional
oles across Yarrowia lineages, whereas the unique repeat pro-
les of E122 MATA and 22301-5 MATB reflect strain-specific
volutionary pressures. 

DNA repeats and size 

nalysis of the distribution of rDNA repeats in the E122
ATA strain revealed distinct patterns in repeat length and

ounts across multiple chromosome regions, adjacent to the
elomeres as shown in Fig. 7 A. Regions chrC-R, chrE-R, and
hrF-R exhibit the most extended total rDNA lengths ( ∼11
B) with moderate counts, suggesting these regions contain

arger rDNA repeats or a higher density of sizeable elements.
n contrast, chrC-L has a shorter total length ( ∼8 KB) and
 lower count, indicating fewer and potentially smaller rDNA
epeats. This heterogeneity could indicate region-specific roles
r stability requirements for rDNA within the MAT-A strain.
e note that the location of the rDNA repeats in the two

trains analyzed herein is essentially the same as in DSM 3286,
ut the estimated number of rDNA repeats differs. We sug-
est that this difference reflects both technical and biological
ariation. 

The stability of the rDNA and telomeric repeats needs ex-
lanation. By stability, we refer to the prevention of recom-
ination between rDNA repeats that could reduce their num-
er. In S. cerevisiae , the SIR proteins play an important role in
he maintenance of the rDNA repeats by preventing recom-
ination [ 14 , 65 ]. Y. lipolytica lacks the SIR proteins, except
or SIR2 , which is present in all eukaryotes, and it also lacks
enes encoding RNAi components that in other eukaryotes
uppress gene expression in heterochromatin [ 16 , 66 ]. This
aises the interesting issue of how the rDNA and telomeric
epeats resist recombination and thus maintain stability. One
ossibility is that SIR2 is sufficient for preventing recombina-
ion between repeats in Y. lipolytica , but we think this is un-
ikely since SIR2 is not sufficient in S. cerevisiae . Alternatively,
he rDNA repeats are all adjacent to telomeric repeats in Y.
ipolytica and it is possible that a telomere associated protein
omplex suppresses recombination in cis , well into the adja-
ent rDNA repeats. 

C content and evolutionary implications 

he overall GC content in Y. lipolytica is higher than in S.
erevisiae , which aligns with the significant evolutionary di-
ergence between these species, estimated at ∼300 million
ears. The consistent GC content across E122 MATA , 22301-
 MATB , and DSM 3286 (48.9%) compared to the low GC
ontent of the mitochondrial chromosome (22.59%) suggests
ifferences in selective pressures and genome organization be-
ween nuclear and mitochondrial genomes. This higher GC
ontent may have implications for DNA stability, transcrip-
ion efficiency, and DNA replication dynamics, offering in-
ights into the evolutionary and functional constraints on the
arrowia genome. For example, the well-characterized origins
f DNA replication in S. cerevisiae are AT-rich. We are ana-
yzing the genome replication and origins of DNA replication
n Yarrowia to determine if the genome has GC-rich origins
f DNA replication that are more akin to the GC-rich origins
in human cells. The more complete genome sequences of the
E122 MATA and 22301-5 MATB strains should facilitate the
analysis of genome replication patterns and mechanisms. 

Conclusions and future directions 

Our findings provide a comprehensive view of the genomic
landscape and diversity within Y. lipolytica strains MATA and
MATB , laying the groundwork for further research in func-
tional genomics and strain optimization. The variability in re-
peat elements, the distinct genomic organization, and the ele-
vated gene complexity observed in MATA and MATB high-
light the evolutionary and functional divergence within Y.
lipolytica . The insights gained from future studies of basic
molecular biology in Y. lipolytica will contribute to our un-
derstanding of the molecular underpinnings that enable Y.
lipolytica to thrive in highly varied environments, ultimately
advancing strain development for biotechnology. The addi-
tional genes identified in this genome analysis may provide
new metabolic functions that will facilitate engineering of new
chemical pathways for industrial use. 
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