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Abstract

The halotolerant yeast Scheffersomyces spartinae, commonly found in marine environments, holds significant potential for
various industrial applications. Despite this, its genetic characteristics have been relatively underexplored. In this study, we
isolated a strain of S. spartinae named YMxiao from seawater in Zhoushan City, China. Through scanning electron micros-
copy and flow cytometry, we characterized S. spartinae YMxiao cells as urn-shaped, demonstrating asymmetric division via
budding, and possessing a diploid genome. Compared to the model yeast Saccharomyces cerevisiae, S. spartinae YMxiao
exhibited greater tolerance to various stressful conditions. Furthermore, S. spartinae YMxiao was capable of utilizing xylose,
mannitol, sorbitol, and arabinose as sole carbon sources for growth. We conducted whole-genome sequencing of S. spartinae
YMzxiao using a combination of Nanopore and Illumina technologies, resulting in a telomere-to-telomere complete genome
assembly of 12 Mb. Genome annotation identified 5311 protein-coding genes, 214 tRNA genes, and 236 transposable ele-
ments distributed across 8 chromosomes. Comparative genomics between S. spartinae strains YMxiao and ARVO11 revealed
genomic variations and evolutionary patterns within this species. Notably, certain genes in S. spartinae strains were found
to be under strong positive selection. Additionally, we developed a genetic manipulation protocol that successfully enabled
gene knockouts in S. spartinae. Our findings not only enhance our understanding of the S. spartinae genome but also provide
a foundation for future research into its potential biotechnological applications.

Key points

e The unique phenotypes and genetic characteristics of S. spartinae were disclosed.

e Comparative genomics showed vast genetic variations between S. spartinae strains.
e Genetic manipulation protocol was established for S. spartinae strain.
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Introduction

The single-cell organism yeast plays a pivotal role in the
biotechnology field, particularly in the conversion of bio-
mass into biofuels and other valuable chemicals. Among
yeasts, Saccharomyces cerevisiae and its close relatives are
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renowned for their efficient fermentation of glucose and
sucrose into ethanol and CO,. However, S. cerevisiae lacks
the ability to ferment various sugars, such as arabinose, man-
nitol, and xylose, which are present in lignocellulose (Pap-
ini et al. 2012; Kwak and Jin 2017). Non-Saccharomyces
strains, such as Scheffersomyces stipitis, provide alternative
metabolic pathways for the utilization of non-glucose sugars
and the production of various fermentation products (Trichez
et al. 2023; Barros et al. 2024). The diverse metabolic capa-
bilities of non-conventional yeasts make them valuable for
industrial applications, where they can be employed as pure
or mixed cultures to achieve specific fermentation outcomes.

Scheffersomyces spartinae, an ascomycetous yeast spe-
cies, belongs to the Debaryomycetaceae family within the
Ascomycota phylum (Kurtzman and Suzuki 2010). Formerly
classified under the Candida and Pichia genera, S. spartinae
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was later reassigned to the Scheffersomyces genus, being
considered an ancestral species of the Scheffersomyces clade
(Kurtzman and Suzuki 2010). S. spartinae was detected in
the biofilm of a water treatment plant near Botany Bay, New
South Wales, Australia, where it contributed to blockages
and its abundance was found to correlate positively with
salinity levels, underscoring its adaptation to high salt con-
centrations (Gillings et al. 2006). S. spartinae had been also
isolated from mangrove sediments (Li et al. 2019). This
strain is capable of producing coenzyme Q9, a crucial com-
ponent involved in various biological functions (Kurtzman
and Suzuki 2010). Certain S. spartinae strain was found can
perform aerobic decolorization, degradation, and detoxifica-
tion of azo dyes (Tan et al. 2016). In addition, S. spartinae
strains show promising potential as bio-control agents of
gray mold on strawberries (Zou et al. 2021).

Recent developments in high-throughput sequencing
technology and genomic analysis have facilitated deeper
investigation into the genetic diversity, evolution, and
metabolism of yeasts. Despite the potential of S. sparti-
nae for biotechnological applications, genomic studies on
this yeast species remain limited. So far, two S. spartinae
strains ARV011 and NRRL Y-7322 have been sequenced
by Illumina technology and their draft genome sequences
have been published (Villarreal et al. 2021). The genome of
S. spartinae was ~ 12 Mb, encoding more than 5000 genes.
However, the functions of those genes were not clarified,
mainly due to the lacking of genetic manipulation tools for
this species. In this study, we studied the phenotypic traits
of S. spartinae YMxiao by comparing the growth capability
of this strain and the model organism S. cerevsiae. We also
obtained a complete genome of S. spartinae YMxiao using a
combination of Illumina and Nanopore sequencing technolo-
gies. Comparative genomic analyses of different S. spartinae
strains elucidated the patterns of genome evolution of this
species. Gene prediction and annotation facilitated the iden-
tification of genes responsible for the distinct phenotypes,
such as carbon source utilization, observed between S. spar-
tinae and S. cerevisiae. Additionally, this study established a
gene deletion protocol for S. spartinae, providing a valuable
reference for developing genetic manipulation techniques for
non-model yeast strains.

Materials and method

Yeast strains and media

Two yeast strains, S. cerevisiae YJIS329 (Zheng et al. 2012)
and S. spartinae YMxiao, were used in this study. The strain
YMxiao was isolated from the sea water of Dongji Island,

Zhoushan city, China, in November, 2018. This strain has
been stored in China Center for Type Culture Collection
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with an accession number of CCTCC AY 2022004. The
18S rDNA sequence of YMxiao was amplified using the
primers 5'-GTAGTCATATGCTTGTCTC-3' and 5'-TCC
GCAGGTTCACCTACGGA-3' and then sequenced. YPD
medium was prepared with 20 g/L glucose, 20 g/L peptone,
and 10 g/L yeast extract, adjusted to pH 7. Variants of the
YPD medium included YPM (containing 20 g/L manni-
tol), YPA (containing 20 g/L arabinose), YPS (containing
20 g/L sorbitol), and YPX (containing 20 g/L xylose) as the
respective carbon sources. For stress assays, YPD +H,0,
and YPD + NaCl media were prepared by adding H,O, and
NaCl to liquid YPD to final concentrations of 5 mM and
0.7 M, respectively.

Scanning electron microscope (SEM) analysis

A modified protocol based on Bang and Pazirandeh (1999)
was employed to examine the morphological characteristics
of S. spartinae YMxiao. The yeast cells were initially fixed
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH
7.4 for 1 h at 4 °C. Subsequently, the cells were washed three
times with 0.1 M cacodylate buffer and subjected to a series
of ethanol washes (50%, 70%, 90%, and 100%) for 10 min
each to achieve dehydration. The dehydrated cells were criti-
cally dried using CO, in a Bal-Tec CPD 030 critical point
dryer (BAL-TEC Ltd., Balzers, Switzerland). These dried
cells were then mounted onto SEM stubs using double-sided
carbon tape and coated with gold—palladium using a sputter
coater. Finally, the coated samples were visualized under
high vacuum using a JEOL JSM-6010LA scanning electron
microscope (JEOL Ltd., Tokyo, Japan) at an accelerating
voltage of 15 kV.

Flow cytometry

The cells of S. spartinae YMxiao and S. cerevisiae strains
YJSHI1 (Zheng et al. 2012) and YJS329 were incubated in
5 mL YPD for 40 h. Approximately 5x 10° cells were col-
lected and fixed by 70% ethanol for 0.5 h. The cells were
then treated with RNase A (0.5 mg/mL) for 4 h and protein-
ase K (2 mg/mL) for 1 h. Following treatment, the cells were
stained with 10 pg/mL propidium iodide at 4 °C overnight.
The ploidy of these yeast strains was monitored by the flow
cytometry machine (BD Biosciences, San Jose, USA) as
described in Zhu et al. (2024a, b).

Growth measurement

The S. spartinae and S. cerevisiae cells were incubated
in 30 mL YPD, YPM, YPX, YPD +H,0,, YPD + NaCl,
YPDpH3.5, and YPDpHS.5 with an initial ODgj, of 0.05
for 48 h. The growth (ODy) of yeast was determined using
a Bio-Tek PowerWaveTM XS/XS2 plate reader (Bio-Tek
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Instruments, Winooski, VT, USA). For each measurement,
200 pL cells were diluted and transferred to a 96-well plate
reader. The medium without cell incubation was used as a
control to establish a baseline.

Nanopore sequencing

Yeast cells were grown in 20 mL of YPD medium for 20 h.
Following growth, cells were collected, and genomic DNA
was extracted using a modified CTAB (cetyltrimethyl-
ammonium bromide) method (Qi et al. 2023). Nanopore
sequencing (Oxford Nanopore Technologies, Oxford, UK)
was performed as described in our previous study (Qi et al.
2023). Briefly, the genomic DNA was treated with NEBNext
FFPE RepairMix M6630 (New England Biolabs, Ipswich,
MA, USA) to repair single-strand nicks. The DNA ends
were then repaired to form blunt ends using the NEBNext
End Repair Module E6050 (New England Biolabs, Ipswich,
MA, USA). DNA samples were purified with AMPure XP
beads (Beckman Coulter, Brea, CA, USA). Each sample
was barcoded using the Oxford Nanopore Native Barcoding
Genomic DNA Kit EXP-NBD104 (Oxford Nanopore Tech-
nologies, Oxford, UK), followed by adapter ligation with
the ligation-based library kit SQK-LSK109 (Oxford Nano-
pore Technologies, Oxford, UK). After final purification,
multiple barcoded libraries were loaded onto MinION flow
cells FLO-MIN106D R9.4.1 (Oxford Nanopore Technolo-
gies, Oxford, UK) and sequenced on a MinION sequencer
MIN-101B (Oxford Nanopore Technologies, Oxford, UK).

lllumina sequencing

Cells of S. spartinae YMxiao were grown in 20 mL YPD
medium for 20 h, after which they were collected for DNA
extraction using the EZNA Yeast DNA Kit (Omega, Nor-
cross, GA, USA). The genomic DNA was then subjected to
[llumina sequencing on the NextSeq 500 sequencer (Illu-
mina, San Diego, CA, USA) using a 2 X 150 bp paired-end
indexing protocol. DNA libraries were constructed with the
NEBNext® Ultra™ DNA Library Prep Kit (New England
Biolabs, Ipswich, MA, USA), following the manufacturer’s
instructions. Sequencing reads were processed using Cut-
adapt to remove adapters and low-quality reads (Martin
2011).

Genome assembly of S. spartinae YMxiao

The raw Nanopore reads were subjected to quality control
using FastQC v0.11.8 (Andrews 2010) and adapter trim-
ming and filtering of nanopore sequencing reads were per-
formed by Porechop (Wick et al. 2018). The resulting high-
quality reads were assembled with nanopore whole-genome
sequencing data using NECAT (Chen et al. 2020). To further

refine the assembly and correct errors, we employed the
Pilon software tool, which utilizes a combination of Illumina
reads and an existing assembly to perform error correction
(Hu et al. 2020).

Gene prediction and annotation of assembled
genome

The genome annotation of S. spartinae YMxiao was per-
formed using the Augustus gene predictor which was trained
using a set of curated proteins from related species S. cer-
evisiae (Stanke et al. 2006). tRNA-coding regions were pre-
dicted by the tRNAscan-SE program (Lowe and Chan 2016).
The mitochondrial genome annotation was performed using
MFannot (https://megasun.bch.umontreal.ca/apps/mfannot/)
with the correction of open reading frame (ORF) structures.
In order to identify transposable elements, the transposon
annotation resonaTE tool was employed (Riehl et al. 2022).
Transposon annotation resonaTE tool employs RepeatMas-
ker to identify repeats and RepeatModeler to build repeat
libraries from genome sequences, which are then used to
classify transposable elements. Functional annotation of the
predicted genes was performed by similarity using BLAST
against public databases, including the NCBI’s non-redun-
dant protein (Nr) database, and Kyoto Encyclopedia of
Genes and Genomes (KEGG). A BLAST search was con-
ducted against the aforementioned databases with an E-value
less than le-5 and a minimum alignment length percent-
age greater than 40% (identity >40%, coverage > 40%) of
the entire genome. The Gene Ontology (GO) annotations
were performed with the default parameters of the program
Blast2GO (Conesa et al. 2005), and GO-term classification
was performed based on the Nr annotations.

Whole-genome alignment and comparison

To perform a comprehensive whole-genome alignment and
comparison, we used the MUMmer4 (Marcgais et al. 2018),
specifically leveraging the NUCmer program, to align
the genomes of S. spartinae YMxiao against S. spartinae
ARVO11. Using default parameters ensured optimal align-
ment accuracy. Post-alignment, structural variations, encom-
passing significant deletions and insertions, were identified
with the show-diff utility within MUMmer. To detect the
single-nucleotide variations (SNVs) and small insertions and
deletions (InDels) between the two homologs of S. spartinae
YMxiao, the fastq file of S. spartinae YMxiao was mapped
to the assembled genome of S. spartinae YMxiao using
BWA-MEM v0.7.17 (Li 2013). Subsequently, the bam files
generated from the alignment were sorted and indexed using
SAMtools v1.9 (Li et al. 2009). VarScan v2.4.4 software
was used to call the SNVs and InDels (Koboldt et al. 2012).
Finally, SnpEff was utilized for annotation of the filtered
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variants using S. spartinae YMxiao as the reference genome
(Cingolani et al. 2012).

Ka (non-synonymous substitutions) and Ks
(synonymous substitutions) ratio calculation

The coding sequence (CDS) of S. spartinae ARVO11 were
obtained from the NCBI database (https://www.ncbi.nlm.
nih.gov/bioproject/756327). The Ka/Ks ratio was subse-
quently calculated for each gene pair using the TBtools
v1.108, which employs the KaKs Calculator v2.0 tool
(http://evolution.genomics.org.cn/software.htm) with Model
Selection set to “ModelAverage.”

Genetic manipulation of S. spartinae YMxiao

The nourseothricin-resistant gene NAT, including the TEF]
promoter and terminator, was amplified from the plasmid
pAG25 (Goldstein and McCusker 1999) using primers
dnatMX6-pUG72-s and dnatMX6-pUG72-a (Table 1). The
NAT fragment was then cloned into the Xbal and Sacl sites
of the plasmid pUG72 (Gueldener et al. 2002), creating a
plasmid named pUG72-NATsc. To ensure the functionality
of NAT gene in S. spartinae, the coding region was codon-
optimized and synthesized de novo to replace the original
NAT gene, using the restriction endonucleases Ncol and
Sphl. The resulting plasmid was named pUG72-NATss.

To construct a gene deletion cassette, we first amplified
three separate fragments: the upstream homologous arm,
the selection marker gene, and the downstream homologous
arm. These fragments were subsequently ligated together
by overlap PCR using the primers shown in Table 1. Trans-
formation of S. spartinae YMxiao with the resulting dele-
tion cassettes was performed using the PEG/LiAc/ssDNA
method (Gietz and Schiestl 2007). Transformants were
selected on media containing 75 mg/mL nourseothricin and
verified by PCR with the primers listed in Table 1.

Data availability

The 18S rDNA sequence of S. spartinae YMxiao and the
sequence of plasmid pUG72-NATss has been deposited
in the NCBI nucleotide database with the accession num-
bers PQ279892 and PQ336169, respectively. The Whole
Genome Shotgun project of S. spartinae YMxiao has been
deposited at DDBJ/ENA/GenBank under the accession
JBJABQO00000000. The version described in this paper is
version JBJABQO010000000.The raw data of next-generation
sequencing were available at SRA database with the acces-
sion number of PRINA1152126.
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Results

Cell morphology, phylogenic analysis, and ploidy
of S. spartinae YMxiao

To determine the evolutionary relationship between YMx-
iao and its related yeast strains, we constructed a phylo-
genetic tree based on 18S rDNA (Fig. 1A). The analysis
revealed that YMxiao was grouped within the cluster of S.
spartinae strains (Fig. 1A), supporting the taxonomic clas-
sification of strain YMxiao as a member of the S. spartinae
species. The SEM result showed that the cells of S. spar-
tinae YMxiao are urn-shaped, ranging from 20 to 40 pm
in length, and exhibit slight tapering at one end, while
maintaining a uniform size (Fig. 1B). The surface of the
cells displayed a rough and uneven topography, which is
attributed to the presence of various appendages, including
bud scars, that give rise to a bumpy appearance (Fig. 1B).

To determine the ploidy of YMxiao, we cultured cells
from this strain alongside diploid S. cerevisiae YJS329 in
YPD medium for 40 h until they reached the stationary
phase. At this stage, nearly all cells were arrested in the G1
phase, as indicated by the absence of budding (Fig. 1C).
Using flow cytometry, we found that the DNA content of
S. spartinae YMxiao was higher than that of the haploid S.
cerevisiae YISH1, but closely resembles the DNA content
of S. cerevisiae YJS329 (Fig. 1D). Given that the genome
size of S. spartinae is approximately 12 Mb, which is
similar to that of S. cerevisiae, we infer that YMxiao is a
diploid yeast strain.

Phenotypic comparison of S. spartinae YMxiao
and S. cerevisiae YJS329

To determine the growth capability of S. spartinae under
different conditions, the optical density (ODg,) of YMx-
iao cells were measured in YPD and YPD with certain
stressors. In this experiment, an industrial S. cerevesiae
strain, YJS329, was used as a control strain. In YPD at
30 °C, the max growth rates of YMxiao and YJS329 were
0.44+0.04 and 0.35+0.01 (Fig. 2A). The presence of
0.7 M NaCl decreased the max growth rate by 57% and
71% for YMxiao and YJS329, respectively (Fig. 2B).
Although both strains were inhibited by NaCl, the bio-
mass of YMxiao was 5.64-fold of that YJS329 at 24 h
(Fig. 2B). Elevated temperature (37 °C) (Fig. 2C), high
pH (Fig. 2D), and low pH (Fig. 2E) also led to decreased
growth rates of both YMxiao and YJS329. The relative
biomass (ODg, value of a stressful condition divided by
that in YPD condition at 24 h) of YMxiao was 0.71-, 1.83-,
and 0.92-fold of that of YJS329 under 37 °C, pH 8.5, and
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Table 1 Primers used in this study

Primers

Sequences (5'-3")

Purpose

dnatMX6-pUG72-s
dnatMX6-pUG72-a

vnatMX6-pUG72-s
vnatMX6-pUG72a
dURA3up-s

dURA3up-a
dnatMX6-URA3-s

dnatMX6-URA3-a

dURA3down-s
dURA3down-a

Primer S
Primer A
dADE2up-s

dADE2up-a
dnatMX6-ADE2-s

dnatMX6-ADE2-a

dADE2down-s
dADE2down-a

vADE2(natMX6)-s
vADE2(natMX6)-a
ade2_dura3-s

ade2_dura3-a

vura3_ade2-s
vura3_ade2-a
dnat-g4934.t1-s

dnat-g4934.t1-a

24934.t1_up-s
24934.t1_up-a
24934.t1_down-s
24934.t1_down-a
overlap_nat_g4934.t1_up-s
overlap_nat_g4934.t1_down-a
vnat_g4934.t1_sl
vnat_g4934.t1_al
24934.t1_up-s-150 bp
24934.t1_up-a-150 bp
24934.t1_up-s-250 bp
24934.t1_up-a-250 bp

GCTATACGAAGTTATTAGGTCTAGAAGCGA
CATGGAGGCCCAGAATA

TTATATTAAGGGTTCTCGAGAGCTCACACTGGA
TGGCGGCGTTAGTA

GCTTCGTGGTCGTCTCGTA
CGAGTCAGTGAGCGAGGAA

ATGTTTCAATCCATGTCGTGAGATCCGTGCATT
TGCTCTTTCGGTGTTAC

ACAGCTTCTGCTATTGGAACTG

CTCAGAACGAGGAGAAATCAGTTCCAATAG
CAGAAGCTGTGCGGCATCAGAGCAGATTG

ATAATGCTTCGAGAAATTATCAGCGTCGTA
AACCTTTCATCGAGTCAGTGAGCGAGGAA

ATGAAAGGTTTACGACGCTGAT

TGGAGCAATCCAATCGTTTATAGCTGCACC
AGTGGATGCTATATTCACCA

CGTGAACGCTCCTGCTATTC
CCTACCACCATTTATTGCCAAT

GCGCGATGAGATGAGGTAGCAATAAGATAT
ACACCCTTCTACTAACTACC

TGATAGTCCAGGCAAATAGT

ATCATCATTATTATATTGTATACTATTTGCCTG
GACTATCAGCTGCAGGTCGACAACCC

CTTCTTAAACTTTACTGCTCAACACCATCAAGT
GGATCTGATATCACC

TGATGGTGTTGAGCAGTAAAGT

GGGTACCTCAGAAAAACAATATGGGGTCTT
CCTGGTTGGACAA

GATGGAACCGCTTCAGAT
TGCTACCGAGATCAACAAT

GAACGAGGAGAAATCAGTTCCAATAGCAGA
AGCTGTTTATGCAGCACGGTTCTTCG

ATGCTTCGAGAAATTATCAGCGTCGTAAAC
CTTTCATAGAGATTCTCGGAGTCAACACT

AGTGTTGACTCCGAGAATCTCT
TGCCAATTCGATCTCAGGTATG

GTTTCTGAGTTGGCTGCTGGAGATGGTCGT
TAGAACGCGGCTACAA

GAGTGTGGAATACCTTGTACGCGGAATACT
ATAGGGAGACCGGCAGAT

CAGAACGCACGGTTCCAAG
CCATCTCCAGCAGCCAACT
GCGTACAAGGTATTCCACACTC
AATGCTGCCAAGGCTGCT
CAAGTGAGAGCCAAACAAGAGA
GGTAGACAAGGAACTCCAAAGG
CTCAACGGTTCAGAGACATCAC
GTAGCCGCGTTCTAACGATTA
GAAGAAGGTGCAGGAGAAGAAG
CCATCTCCAGCAGCCAACT
TCACCAACAGACGTGTCAATG
CCATCTCCAGCAGCCAACT

Amplification of NAT gene from pAG25

Verification of the insertion of NAT gene into pUG72

Amplification of URA3 upstream homologous arm

Amplification of NAT gene from pUG72-NATss

Amplification of URA3 downstream homologous arm

Verification of URA3 deletion

Amplification of ADE?2 upstream homologous arm

Amplification of NAT gene from pUG72-NATss

Amplification of ADE2 downstream homologous arm

Verification of ADE2 deletion

Construction of URA3 deletion cassette with ADE?2 as a
selection marker

Verification of the replacement of URA3 with ADE2
gene

Amplification of NAT for g4934.t1 deletion cassette

Amplification of g4934.t1 upstream homologous arm

Amplification of g4934.t1 downstream homologous arm

Amplification of the deletion cassette for g4934.t1

Verification of the deletion of g4934.t1

Amplification of 150 bp g4934.t1 upstream arm

Amplification of 250 bp g4934.t1 upstream arm
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Table 1 (continued)

Primers

Sequences (5'-3")

Purpose

24934.t1_down-s-150 bp

24934.t1_down-a-150 bp
24934.t1_down-s-250 bp
24934.t1_down-a-250 bp

GCGTACAAGGTATTCCACACTC

AACAATTTCGGAGACCAGCATT
CGTACAAGGTATTCCACACTCC
TTTATGTCGCCTTCCACCATAT

Amplification of 150 bp g4934.t1 downstream arm

Amplification of 250 bp g4934.t1 downstream arm

A

Candida athensensis CBS 9840 (NG 064893.1)

Candida smithsonii CBS 9839 (NG 064892.1)
Meyerozyma guilliermondii NRRL Y-2075 (NG 063363.1)
Candida fermentatiNRRL Y-17903 (AY553853.1)

Pichia guilliermondii JCM 10735 (AB054282.1)
Candida xestobii JCM 9569 (AB013517.1)

7

Seh jomy identalis NRRL Y-10 (JQ698911.1)

Debaryomyces hanseniiNRRL Y-7426 (NG 063361.1)
Candida psychrophila JCM 2388 (NG 063399.1)
Candida s JCM 9559 (NG 063402.1)

50 Candida fer JCM 9589 (NG 063398.1)

Debaryomyces mycophilus CBS 8300 (NG 062633.1)

99 1 Candida gosingica ATCC MYA-4750 _ _ .
I— Pichia namnaoensis MS12-1 (AB175628.1)

100 Scheffersomyces spartinaec ATCC 18866 (NG 064966.1)
77‘(_‘icbeﬁ‘momyoes spartinae YMxiao (PQ279892)

95 Scheffersomyces spartinac NRRL Y-7322 (FJ153139.1)

|: Scheffersomyces segobiensis ATCC 58375 (NG 064967.1)
100 Scheffersomyces stipitisNRRL Y-7124 (NG 063362.1)

Saccharomyces cerevisiae S288c (NR 132222.1)

— YMxiao
~—YJS329
Haploid

S. spartinae YMxiao

0.01

Fig. 1 Phylogenic analysis, cell morphology, and ploidy of S. spar-
tinae YMxiao. A A phylogenetic tree showing the evolutionary
relationship between YMxiao and its related yeast strains. B A scan-
ning electron microscopy image of YMxiao yeast cells, providing a
detailed view of their morphology with a 10-pm scale for reference.

pH 3 conditions. The presence of 5 mM H,0, resulted in
a longer lag phase for both YMxiao and YJS329, but lat-
ter formed more biomass relative to the YPD condition
(Fig. 2F). These results showed that S. spartinae YMxiao
formed more biomass under multiple stressful conditions
than S. cerevesiae strain YJS329. Additionally, we found
that S. spartinae strain YMxiao has a superior capacity to
utilize various less favorable carbon sources for growth
compared to S. cerevisiae strain YJS329. Our results dem-
onstrated that YMxiao produced significantly more bio-
mass when grown on D-arabinose, D-xylose, sorbitol, and
mannitol (Fig. 2G-J). Notably, YMxiao showed similar
growth rates and biomass production in YPM (mannitol
medium) as observed in YPD. Overall, these findings indi-
cate that S. spartinae strain YMxiao exhibits enhanced
growth and stress tolerance across a range of environmen-
tal conditions compared to S. cerevisiae.

@ Springer

200" . 400 60
FL2-A

C Cell morphology of S. cerevisiae YIS329 and S. spartinae YMxiao
under the microscope. D The relative DNA content of S. spartinae
YMxiao and S. cerevisiae analyzed by flow cytometry. The haploid S.
cerevisiae strain YJSH1 was used as a control

Genome sequencing and annotation of S. spartinae
YMxiao

Using a combination of Nanopore and Illumina sequencing
technology, a telomere-to-telomere assembly of S. sparti-
nae YMxiao genome was obtained. The genome was found
to be distributed across 8 chromosomes with sizes ranging
from 1.19 to 2.04 Mb, with a total size of 12.16 Mb. The
GC content of the genome was found to be 38.7%, which
is within the range observed in other yeast genomes such
as S. cerevisiae (38.3%), Kluyveromyces lactis (38.7%),
and Debaryomyces hansenii (36.3%) (Dujon et al. 2004).
The annotation of the genome identified a total of 5305
protein coding ORFs (Table 2 and Supplemental Dataset
S1), with an average length of 1577 bp. We found that 512
ORFs contain at least one intron sequence; and the average
length of introns is 204 bp. The annotation also revealed the
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Fig.2 The growth curves of yeast strains, YMxiao and YJS329,
under different conditions. Their biomass was measured by the opti-
cal density at 600 nm (ODg). In each figure, the growth of YMxiao
is denoted by triangles, while YJS329 is represented by circles. The
data points include error bars, indicating variability or standard devia-

Table 2 The profile of the S. spartinae YMxiao genome

Chromosome  Length (bp) ORFs DNA Retro- tRNA

transpo-  transpo-

son son
chrl 2,037,313 889 29 8 26
chr2 1,821,069 831 27 6 31
chr3 1,681,693 723 20 6 15
chr4 1,482,941 648 22 7 33
chr5 1,383,034 619 18 1 29
chr6 1,274,463 555 21 9 42
chr7 1,192,923 508 13 3 21
chr8 1,290,903 536 25 7 17
Mitochondria 38,075 24 - - 25
Total 12,164,339 5309 175 47 214

presence of 214 tRNA genes on 8 chromosomes (Table 2).
In addition to protein-coding genes and tRNA genes, we
identified a total of 222 transposable elements (TEs) on the
8 chromosomes, 175 were DNA transposons, and 46 were
retrotransposons (Table 2). The most abundant type of DNA
transposons is Zator (109) elements, while retrotransposons
mainly consist of Copia (11) and Gypsy (35). The rDNA

tion. A Normal YPD. B YPD with 0.7 M NaCl. C YPD incubated at
37 °C. D YPD was adjusted to pH 8.5. E YPD was adjusted to pH 3.
F YPD with 5 mM H,0,. The dextrose in YPD was replaced by G
arabinose, H xylose, I sorbitol, and J mannitol

repeats were located at~ 836 kb on chromosome 8 (2 copies
of rDNA repeats are presented on the assembled genome).
An analysis of the coverage of the rDNA region suggested
the presence of approximately 60 copies of the rDNA repeat
in the diploid YMxiao genome. The telomeres of YMxiao
consist of ~300 bp of degenerate repeats with the consen-
sus sequence TTTTAGGGTTTCGGTGTGCGGGGCTCT
TGTG repeat units. This sequence is different from that
(5"-[(TG)y_¢TGGGTGTG(G)],,—3) observed in S. cerevisiae
(Forstemann and Lingner 2001). Through mapping the reads
of next-generation sequencing onto the assemble genome of
YMxiao, we did not identify heterozygous regions across its
8 chromosomes. This result suggests that the mutations on
S. spartinae YMxiao genome were homogenized through
DNA homologous recombination during meiosis process.

The genes associated with carbon source utilization
in S. spartinae YMxiao

In Fig. 2, we showed that S. spartinae YMxiao could uti-
lize D-xylose, D-arabinose, sorbitol, and mannitol for
growth. Below, we explored the genes contributing to its
ability of carbon metabolism. D-xylose reductase (XR)-
xylitol dehydrogenase (XDH) pathway is the most common
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xylose utilization pathway in fungi (Fig. 3). XR is an enzy-
matic catalyst that mediates the conversion of D-xylose to
xylitol using NADPH as a cofactor (Atzmiiller et al. 2020).
The annotation result shows the gene g3620.t1 in YMx-
iao encodes XR (Fig. 3). The transformation of xylitol to
xylulose is mediated by XDH utilizing NAD™" as a cofac-
tor, encoded by the gene g5233.t1 in YMxiao (Fig. 3). The
D-xylulose produced is then phosphorylated to D-xylulose-
5-phosphate by xylulokinase that should be encoded by gene
22197.t1 (Fig. 3). After being transported into fungi cells,
the D-arabinose can be converted to D-arabinitol by XR.
Two metabolic enzymes have been identified for D-arabi-
nitol: D-arabinitol 2-dehydrogenase (EC 1.1.1.250) and
D-arabinitol 4-dehydrogenase (EC 1.1.1.11), which convert
D-arabinitol to D-ribulose and D-xylulose, respectively. In
YMxiao, gl1157.t1 was identified encoding D-arabinitol
2-dehydrogenase, while none gene was predicted to encode
D-arabinitol 4-dehydrogenase. Sorbitol dehydrogenase con-
verts sorbitol to fructose that can be further phosphorylated
and enter into glycolysis. In YMxiao, g3628.t1 and g5233.
t1 were identified encoding sorbitol dehydrogenase (Sup-
plemental Dataset S1 and Fig. 3). The first step in manni-
tol metabolism is its conversion of mannitol to mannose, a
process catalyzed by mannitol dehydrogenase (Meena et al.
2015). This enzyme, which exhibits oxidoreductase activity,
oxidizes mannitol using NADP* as a cofactor, producing

Sorbitol

mannose and NADPH. The genes g4934.t1 and g4935.t1 in
S. spartinae YMxiao were predicted being encoding prob-
able NADP-dependent mannitol dehydrogenase (Fig. 3).
Mannose can be converted to mannose-6-phosphate by
hexokinase putatively encoded by g3186.t1, g3545.t1, and
23603.t1 in YMxiao. The gene g2779.tl encodes mannose
phosphate isomerase that catalyze the conversion of man-
nose-6-phosphate to fructose 6-phosphate, which enters into
central metabolic pathways (Fig. 3). Theses analysis con-
firmed the capability of multiple monosaccharide utilization
in S. spartinae YMXxiao at the genetic level.

Comparative genomics of different S. spartinae
strains

S. spartinae ARVO011 was isolated from marine water and
sediment collected from the Great Sippewissett Marsh in
Falmouth, Massachusetts (Villarreal et al. 2021). The
genome of ARV011 was sequenced by an Illumina plat-
form and assembled by SPAdes genome assembler, result-
ing in an uncompleted genome consists of 103 contigs
(Villarreal et al. 2021). Using sequence alignment soft-
ware Mummer, we identified 229,276 SNVs and 21,987
InDels between the chromosomes of YMxiao and ARVOI11
(Supplemental Dataset S2), but no large (> 50 kb) dele-
tions, duplications, and inversions were detected. The

D-Sorbitol dehydrogenase Hexokinase D-Xyl?)ssz reductase
(93628, g5233) (93186, g3545, g3603) Glucose-6-phosphate dehydrogenase (g3620)
Hexokinase (91345) [ .
(93186, g3545, g3603) Gl 6-P 6-Phosphoglucono-5-lactone
Fructose —_— Phosphohexose isomerase 6-Phosphogluconolactonase D-Xylulose reductase
(63616) (92823, g3445) (95233)
Mannose-S;pgg;gl;ate isomerase Fructose-6-P D-Gluconate-6-phosphate
6-Phosphofructokinase 6-Phosphogluconate dehydrogenase Xylulokinase
Mannose-6-P (94037, g4204) (91953) Ribulose-phosphate-3-epimerase (91018, g1287)

Hexokinase
(93186, 93545, g3603)

Fructose-1,6-biphosphate

Fructose-bisphosphate aldolase
(g2501)
Glyceraldehyde-3-P
Glyceraldehyde-3-phosphate dehydrogenase
(g3054)
1,3-Biphosphoglycerate

Phosphoglycerate kinase
(g665)

3-Phosého§licerate

2,3-Bisphosphoglycerate mutase
(92724, 92901, g3854, g5200)

2-Phosphoglycerate

Enolase
(9220)

Phosphoenolpyruvate

Pyruvate kinase

Mannose

Mannitol dehydrogenase
(94934, g4935)

Mannitol

Pyruvate decarboxylase

716
TCA pathway 1231, 91969

Pyruvate dehydrogenase

W Citrate synthase
(9603, 92043, g3225, g3859, g4112)

(91582)

[ D-Ribulose5-P | (4385) D-Xylulose-5-P
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Aldehyde dehydrogenase
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Acetyl-CoA synthetase
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Fig.3 Overview of genes involved in central carbon metabolic path-
ways. This schematic diagram represents the interconversion of vari-
ous carbohydrates, including glucose, sorbitol, mannitol, D-xylose,
and D-arabinose, into central metabolic intermediates, highlighting
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their integration into the pentose phosphate, glycolytic, and tricarbox-
ylic acid (TCA) pathways, as well as the fermentation process leading
to ethanol and acetate production. The genes encoding the enzymes in
S. spartinae YMxiao are shown in the bracket
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calculated frequencies of SNVs and InDels were 18.8 and
1.8 per kilobase of the S. spartinae genome, respectively.
Nearly half (47.5%) of these point mutations were located
at intragenic regions, which account up to 68.8% of the
whole genome. This result suggested that the intergenic
regions are more likely to accumulate mutations between
S. spartinae strains. Analysis of the spectrum of SNVs
indicated that C>T or G > A was the most frequent class
of base substitution (36.6%), followed by A>G or T>C
substitutions (27.3%). The transitions/transversions ratio
was 1.77. Using the mutation annotation software snpEff,
we found that more than half (67%) of the intragenic
SNVs did not cause amino acids changes (synonymous
variants) and are thus often considered neutral in terms
of protein function. The 38,261 missense mutations are
distributed across 5000 ORFs. Hundreds of those point
mutations would also affect the start/stop codes gain or
loss (Supplemental Dataset S2). Among them, 143 SNVs
resulted in nonsense mutations which introduce prema-
ture stop codons and can potentially truncate the resulting
protein. We also identified 1607 InDels that could cause
frameshifts in ORFs. Such frameshifts are known to pro-
duce a completely different amino acid sequence down-
stream of the mutation site, often leading to a loss of nor-
mal protein function.

We analyzed 4956 gene pairs between S. spartinae strains
YMxiao and ARV_011 and successfully calculated Ka/Ks
ratios for 3078 of them. A significant 98.5% (3031 out of
3078) of these gene pairs exhibited Ka/Ks values less than
1, indicative of purifying selection. Conversely, we identi-
fied 44 gene pairs with Ka/Ks values exceeding 1, revealing
positive selection (Supplemental Dataset S3). Annotation of
the positively selected genes revealed that the gene g2438.t1
exhibited an exceptionally high Ka/Ks ratio of 8.388 (Sup-
plemental Dataset S3). This gene encodes cysteine-rich,
acidic integral membrane protein, but its biological function
was not known. Furthermore, the gene g3519.t1, annotated
as “bud emergence protein 1,” displayed a Ka/Ks ratio of
5.818 (Supplemental Dataset S3). In S. cerevisiae, this pro-
tein was proven to be involved in establishing cell polarity
and morphogenesis (Madden and Snyder 1998). Additional
genes, such as g3875.t1 and g3735.t1, with Ka/Ks ratios
of 3.255 and 2.185 respectively, were presumed to encode
probable quinate permease and casein kinase 1 (Supplemen-
tal Dataset S3). These results suggest that genes involved
in transmembrane transport and cellular metabolism have
experienced stronger selection pressure compared to other
genes. Although comparative genomics have revealed abun-
dant genetic variations among S. spartinae strains, the ways
in which these variations affect phenotypic and physiological
differences still require further verification. Genetic manipu-
lation in S. spartinae serves as a crucial foundation for such
verification, and this was explored below.

Genetic manipulation of S. spartinae YMxiao

NAT gene could be used as a drug-resistant marker in S.
spartinae

In yeast, a classic approach to knocking out a functional
gene involves using a deletion cassette composed of a
selection marker and flanking homologous arms. Geneticin
(G418), nourseothricin, hygromycin, and Zeocin are com-
monly used selection antibiotics in yeast genetic manipula-
tions (Zheng et al. 2011; Zhu et al. 2024a, b). To assess their
applicability for S. spartinae transformation, we first evalu-
ated the sensitivity of S. spartinae YMxiao to these anti-
biotics. Our results revealed that YMxiao was more resist-
ant to 200 pg/mL geneticin, 150 pg/mL hygromycin, and
150 pg/mL Zeocin compared to S. cerevisiae (Fig. 4A). Con-
versely, YMxiao was sensitive to 75 pg/mL nourseothricin
(Fig. 4A). This prompted us to investigate whether the NAT
gene could effectively confer nourseothricin resistance in S.
spartinae. Because the CUG codon is reassigned from Leu
to Ser in the “CTG” yeast clade (including Scheffersomy-
ces strains) (Papon et al. 2014), we de novo synthesized the
NAT gene with the original CTG codon replaced by TTG,
CTT, or CTA. TEFI promoter and terminator were used to
regulate the expression of NAT gene (Fig. 4B) (Goldstein
and McCusker 1999). We amplified the 500-bp upstream
and 500-bp downstream sequences of the URA3 gene (on
chromosome 2) to construct a deletion cassette, incorporat-
ing the modified NAT gene through overlap PCR (Fig. 4B).
This resulting cassette was transformed into S. spartinae
YMzxiao cells, and transformants were screened on plates
containing 75 pg/mL nourseothricin. This transformation
was repeated three times, yielding an average transformation
rate of 0.9 x 1076 transformants per cell. PCR experiments
using the primers shown in Fig. 4B confirmed that 88 out of
90 transformants had integrated the deletion cassette at the
correct sites. This demonstrates that the modified NAT gene
effectively allows for the selection of genetically modified
transformants in nourseothricin-containing media.

500-bp homologous arms have effectively facilitated
homologous recombination in S. spartinae

To determine if other S. spartinae genes can be replaced by
the NAT gene, we constructed a deletion cassette for the gene
g4934.t1 by overlap PCR using the primers in Table 1. We
evaluated the transformation efficiency with different lengths
of homologous arms. Our results showed that using 1000-bp
and 500-bp homologous arms achieved transformation rates
of 3.4x107% and 1.2 x 107 transformants per cell, respec-
tively (Fig. 4C). In contrast, 100-bp and 250-bp homologous
arms did not yield any transformants on the selection plates
(Fig. 4C). These findings indicate that 500-bp homologous
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Fig.4 Development of genetic manipulation methods in S. spartinae.
A Comparison of drugs resistance between S. spartinae YMxiao and
S. cerevisiae YJS329. B The plasmid pUG72-NATss was constructed
to facilitate the gene knockout in S. spartinae. The upstream homolo-
gous arm of a target gene (URA3), NAT gene, and the downstream
homologous arm of a target gene were ligated to a deletion cassette
by overlap PCR. Primers S and A (Table 1) were used to verify the
URA3 deletion. C Different transformation efficiencies resulted from

arms can effectively facilitate gene knockout in S. spartinae
via homologous recombination, with longer arms proving
to be more effective.

Generation of an ade2 mutant of S. spartinae strain

The ADE?2 gene encodes the enzyme phosphoribosylami-
noimidazole carboxylase, which is involved in the adenine
biosynthesis pathway (Gedvilaite and Sasnauskas 1994). A
notable feature of the ADE2 gene is its role as a reporter
in yeast genetics (Ugolini and Bruschi 1996; Zheng et al.
2016). When ADE? is non-functional due to mutations or
deletions, yeast colonies typically appear pink or red on
medium containing limiting adenine (Zhang et al. 2022).
To obtain an ade mutant of S. spartinae, we first constructed
a ADE? deletion cassette (ADE2upstream arm-NAT-ADE-
2downstream arm) to delete one copy of the ADE2 gene
on chromosome 6. This resulted in a transformant with one
wild-type ADE?2 allele and one NAT allele on the opposite
homolog (Fig. 4D). Following this, UV radiation was used
to stimulate chromosome crossover between centromere
and ADE? to eliminate the remaining copy of the ADE2
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Length of homologous arm (bp)

the various lengths of homologous arms of gene g4934.t1 knockout
cassette. D Generation of a diploid S. spartinae ade2/ade2 mutant.
One copy of ADE2 gene in YMxiao was deleted using NAT gene as
the selection mark. The resulted mutant was treated with UV to stim-
ulate chromosomal crossover and mutation. One red colony appeared
on YPD plates after UV treatment, which was named as YMade, lost
the NAT gene due to crossover followed the ADE2 gene was mutated

gene in the daughter cells (Fig. 4D). After UV treatment, we
selected for red colonies on YPD plates and observed a fre-
quency of 4 x 107 red colonies per cell. PCR amplification
and Sanger sequencing of the ADE2 ORF in 8 red colonies
revealed that 2 of them contained base substitutions that led
to missense mutations in the ADE2 gene. Among these 2
ade mutants, one had lost the NAT gene due to chromosomal
crossover followed ADE2 was mutated (the T at position
1042 bp was substituted to C), and was designated as YMade
(Fig. 4D). One red mutant lost the entire ADE?2 allele due to
a crossover event, resulting in the strain harboring two cop-
ies of the NAT gene (Fig. 4D). The other 4 red mutants likely
have mutations in other genes involved in adenine synthesis.
Whole-genome sequencing of 2 of these 4 mutants revealed
nonsense mutations in either ADE] or ADES.

To validate the function of ADE?2 in gene knockout in S.
spartinae YMxiao, we constructed a URA3 deletion cas-
sette containing the ADE?2 gene, using the primers listed in
Table 1. Although we successfully knocked out one copy
of URA3, attempts to replace the second URA3 copy with
NAT did not produce the expected uracil synthesis-defective
mutant. This failure suggests that URA3 may be essential
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for cell viability in this strain, as complete deletion could be
lethal. In contrast, in S. cerevisiae, URA3 is non-essential
because the organism can import uracil via the membrane
transport protein Fur4 (Fujimura 1998). We could not iden-
tify a homologous Fur4 protein encoding gene in the genome
of S. spartinae YMxiao, which may explain why URA3J is
essential in this strain.

Overall, our results demonstrated that code-optimized
NAT genes with > 500-bp homologous arms were effective
for gene knockout in S. spartinae. Additionally, we suc-
cessfully obtained a diploid ade/ade mutant of S. spartinae
YMade that can utilize both ADE2 and NAT as selection
markers, which facilitates genetic manipulation in this yeast
species.

Discussion

Previous studies have demonstrated several valuable traits
in S. spartinae, including salt tolerance, coenzyme Q9 pro-
duction, azo dye decolorization, and biocontrol capabilities
against gray mold in strawberries (Kurtzman and Suzuki
2010; Tan et al. 2016; Zou et al. 2021; Breyer et al. 2023).
Despite these promising characteristics, the genetic features
of S. spartinae remain underexplored, highlighting a signifi-
cant gap in our understanding of this yeast’s full potential.
This study investigates the phenotypic and genomic charac-
teristics of the diploid yeast S. spartinae and delves into its
genetic manipulation. Our main findings include the follow-
ing: (1) the diploid S. spartinae exhibited greater resistance
to certain stressful conditions compared to S. cerevisiae and
was capable of growing using multiple monosaccharides as
its sole carbon source. (2) We obtained a complete genome
of S. spartinae YMxiao that encodes over 5300 protein-
encoding genes. (3) The patterns of genomic variations
among different S. spartinae strains were disclosed. (4) We
successfully established a genetic manipulation system to
knockout the genes in S. spartinae YMxiao. Below we will
discuss the implications of our results.

S. spartinae strains, including YMxiao, were typically
isolated from marine environments (Villarreal et al. 2021).
The higher biomass formation capability of YMxiao com-
pared to S. cerevisiae YJS329 under alkaline conditions
(Fig. 2G) suggests an evolutionary adaptation to its natural
habitat. Additionally, our results indicated that S. sparti-
nae can metabolize a diverse range of carbon substrates,
including arabinose, sorbitol, and mannitol, which are not
utilized by S. cerevisiae (Fig. 2). The ability to utilize these
non-optimal carbon sources has economic significance for
the industrial production of valuable products. For instance,
the marine oleaginous yeast Rhodosporidiobolus fluvialis
strain Y2 can utilize mannitol, a major carbohydrate found
in brown macroalgae, to produce lipids (Nakata et al. 2020).

We also found that genes involved in coenzyme Q9 synthe-
sis, particularly COQ9, are present in the YMxiao genome
(Supplemental Dataset S1), suggesting that this strain may
be capable of producing this coenzyme. In Supplemental
Dataset S4, we demonstrated that S. spartinae YMxiao could
effectively consume 90 g/L glucose and produce 41.1 g/L
ethanol within 40 h, with a yield of 0.46 g ethanol/g glucose.
This yield is very close to that observed in the bioethanol
production microbe, S. cerevisiae (Zheng et al. 2012). Given
the high NaCl tolerance of S. spartinae, this yeast may be a
promising candidate for bioethanol production using seawa-
ter instead of freshwater.

In combination with next-generation sequencing and
nanopore technology, we obtained a complete genome of S.
spartina, including telomere-to-telomere assembled chro-
mosomes and the mitochondrial sequence. We found the
genome size, average ORF length, GC content, and the num-
ber of introns containing genes of S. spartinae are similar to
that in the classical yeast S. cerevisiae (Goffeau et al. 1996).
In addition, we revealed that the diploid genome of S. spar-
tinae YMxiao is highly homozygous, indicating this strain
underwent frequent meiosis in its natural habits. Genomic
annotation allowed the identification of genes involved in
monosaccharide utilization (Fig. 3). We found that certain
enzymes in monosaccharide metabolism were encoded by
more than one gene. For instance, genes g4934.t1 and g4935.
tl in S. spartinae YMxiao were predicted to code NADP-
dependent mannitol dehydrogenase. The relative contribu-
tions of these two genes to mannitol metabolism and how
they were regulated at the transcription level remains to be
determined. Comparative genomics revealed abundant point
mutations, including SNVs and InDels between S. sparti-
nae strains (Supplemental Dataset S2). The frequency of
these point mutations was higher than that among S. cerevi-
siae strains (Zhang et al. 2016; Lee et al. 2022 O'Donnell
et al. 2023), suggesting a longer divergence time among
S. spartinae strains. We identified numerous point muta-
tions, including 143 premature stop codons resulting from
SNVs and 1607 frameshift InDels, which likely contribute
to the phenotypic diversity between S. spartinae strains.
C>T or G> A substitutions were identified as the most fre-
quent types of base substitutions, likely due to DNA meth-
ylation and spontaneous base deamination (Chatterjee and
Walker 2017). Specifically, cytosine (C) can be methylated
by DNA methyltransferase and S-adenosylmethionine to
form 5-methylcytosine (SmC). Deamination of 5SmC, which
involves the loss of its exocyclic amine group, converts it
to T. Additionally, cytosine can lose its exocyclic amine to
become U, which pairs with adenine A, leading to C>T
substitutions during subsequent rounds of DNA replication.
Overall, the high-quality genome assemble of S. spartinae
provides a foundation for further exploration and compara-
tive genomics studies of yeasts.
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One significant advantage of using S. cerevisiae as a
model organism is its exceptional ease of molecular genetic
manipulation (Ostergaard et al. 2000). Specifically, in S. cer-
evisiae, gene knockouts can be efficiently achieved using
knockout cassettes with homologous arms as short as 40 bp
(Gueldener et al. 2002). This efficiency is attributed to the
species’ robust homologous recombination capabilities. In
contrast, other yeast species, such as the classical marine
yeast Yarrowia lipolytica, which is employed in the produc-
tion of high-value biochemicals, necessitate significantly
longer homologous arms for effective gene knockout or
DNA integration (Abdel-Mawgoud and Stephanopoulos
2020; Ji et al. 2020; Cui et al. 2021). Moreover, the pro-
nounced non-homologous end-joining capability in Y. lipo-
lytica facilitates the integration of knockout cassettes into
non-target genomic locations, even when the homologous
arms are longer than 1 kb (Abdel-Mawgoud and Stephano-
poulos 2020; Ji et al. 2020; Cui et al. 2021). In our study,
we found that homologous arms exceeding 500 bp were suf-
ficient for targeted gene knockout in S. spartinae without the
aid of other gene editing tools, such as the clustered regu-
larly interspaced short palindromic repeats (CRISPR)-Cas9
system. This suggests that the homologous recombination
efficiency of this strain is higher than that of Y. lipolytica.

A notable challenge in the development of genetic manip-
ulation methods is the robustness of S. spartinae, which con-
fers higher resistance to antibiotics such as geneticin, Zeocin,
and hygromycin, commonly used in the screening of yeast
transformants (Fig. 4A). Furthermore, the unique codon
usage pattern of S. spartinae required codon optimization for
the antibiotic-resistant reporter genes. Our results indicate
that the codon-optimized NAT gene is an effective selectable
marker for S. spartinae, establishing a crucial foundation for
subsequent genetic studies of this species. Additionally, we
successfully developed a diploid ade2-deficient S. spartinae
strain by employing a combination of gene knockout tech-
niques and UV-induced chromosomal crossover (Fig. 4D).
The functional deficiency of Ade?2 results in the inability of
the strain to grow on media lacking adenine and induces red
colony formation under adenine-limited conditions (Zhang
et al. 2022). This phenotype facilitates visual selection and
enhances the efficiency of genetic manipulation experiments.
Our results also demonstrated that UV treatment, combined
with screening based on colony color changes, is effective
for isolating other ade mutants, such as adel and ade8. The
genes ADEI and ADES may be more convenient to clone and
integrate into the genome compared to ADE2, as their CDS
length is significantly shorter than that of ADE2. The URA3
gene, unlike in S. cerevisiae (Li et al. 2024) and Yarrowia
lipolytica (Cui et al. 2021), is crucial for the survival of S.
spartinae. One explanation for its essentiality is likely that
S. spartinae lacks an uracil membrane transporter, which is
encoded by the FUR4 gene in S. cerevisiae. The expression
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of a heterozygous FUR4 gene in S. spartinae may enable the
deletion of both copies of URA3 in this species, allowing
URA3 to be used as a reporter gene. Overall, the successful
application of the codon-optimized NAT for gene deletion
and the construction of ade mutants in S. spartinae provides
valuable insights for developing genetic manipulation proto-
cols in robust diploid wild-type yeasts.

In summary, this study explored the phenotypic and
genomic characteristics of S. spartinae strains and estab-
lished a genetic manipulation protocol for this species,
which contributes to the genetic knowledge of yeasts and
pave the way for future investigations on its biotechnologi-
cal applications.
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