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Abstract  Second-generation (2G) bioethanol from 
lignocellulosic feedstocks is a sustainable alter-
native to fossil fuels. However, its production is 
constrained by the poor performance of industrial 
microbes in hydrolysates that are generated dur-
ing biomass pretreatment. Scheffersomyces stipitis 
is a native xylose fermenting yeast and a promising 
platform for 2G bioethanol production, and adap-
tive evolution under hydrolysate stress has yielded 
strains with enhanced performance. However, the 
chromosomal basis of this adaptation is unknown. 
Here, we demonstrate that chromosome scale struc-
tural variation, rather than point mutations, underlies 

the improved phenotype of the evolved strains. By 
integrating long- and short-read genome sequencing, 
we identify two major chromosomal rearrangements 
in the top performing isolate: a reciprocal transloca-
tion between chromosomes 1 and 2 that disrupts the 
NUDIX hydrolase gene YSA1, and the formation of 
a mitotically stable 175 kb minichromosome derived 
from chromosome 5. Functional analyses show that 
disruption of YSA1 enhances xylose utilisation and 
ethanol yield, while the minichromosome contributes 
to improved performance in hydrolysate conditions. 
These findings provide direct evidence that balanced 
rearrangements and minichromosome formation can 
be selected during prolonged stress and can generate 
adaptive phenotypes. Taken together, our study estab-
lishes genome reorganisation as a key driver of adap-
tation in S. stipitis.
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Introduction

Genomes are continually shaped by evolutionary 
pressures imposed by environmental and industrial 
stressors. Populations with greater genetic variation 
adapt more rapidly than those with limited diversity 
(Bomblies and Peichel 2022). This variation arises 
through both small-scale mutations and extensive 
structural chromosomal changes (Sui et al. 2020).

Small-scale mutations in protein-coding genes 
include single-nucleotide variants (SNVs), that can 
modify gene regulation or protein function, influenc-
ing cellular pathways. In contrast, large chromosomal 
alterations reshape genome architecture and can give 
rise to simple or complex phenotypes (Dunham et al. 
2002; Tang et  al. 2021). These structural changes 
include balanced rearrangements, such as transloca-
tions and inversions, and unbalanced variants, such as 
whole-chromosome or segmental aneuploidies (Weis-
chenfeldt et  al. 2013). Balanced variants can disrupt 
transcriptional networks or alter DNA topology, 
whereas unbalanced changes lead to gains or losses 
of genetic material, resulting in copy number varia-
tion (CNV) and imbalanced protein levels (Harewood 
and Fraser 2014; Harewood et al. 2017; Wang et al. 
2020). Although the fitness consequences of exten-
sive chromosomal changes remain poorly understood, 
they are widespread in microbial populations and 
play a central role in adaptation under natural selec-
tion (Sheltzer and Amon 2011). For example, large 
chromosomal rearrangements, including CNVs, com-
plex aneuploidies and balanced rearrangements, have 
been identified in laboratory, industrial and wild yeast 
isolates (Peter et al. 2018; O’Donnell et al. 2023), and 
they drive drug adaptation in pathogenic fungi such 
as Candida albicans and Cryptococcus neoformans 
(Selmecki et al. 2006; Stone et al. 2019).

2G bioethanol derived from lignocellulose has 
an enormous potential to reduce our societal carbon 
footprint, both as a renewable transport fuel and as 
a platform chemical. Unlike ethanol produced from 
starch or sugar based feedstocks, lignocellulosic etha-
nol overcomes concerns associated with competition 

with food production. (Mohr and Raman 2015). 
Herbaceous biomass consists primarily of glucans 
(cellulose), xylans and lignin (Robak and Balcerek 
2018). During pretreatment, these polymers release 
mixed sugar streams, glucose from cellulose and 
xylose from xylan, so economic production of etha-
nol requires microorganisms that ferment both sug-
ars. A major technological barrier to commerciali-
sation of lignocellulose conversion is that distillers’ 
S. cerevisiae yeast, the workhorse of global ethanol 
production, cannot ferment xylose. In contrast, Schef-
fersomyces stipitis, a non-pathogenic haploid yeast, 
displays the highest known native capacity among 
yeast to convert both glucose and xylose selectively to 
ethanol with balanced redox cofactors and consider-
able resilience to inhibitors, making it a strong candi-
date for 2G bioethanol production (Bruinenberg et al. 
1984; Slininger et  al. 1985, 2006, 2009; du Preez 
et al. 1989; Sims et al. 2010).

S. stipitis belongs to the CTG clade of fungi, in 
which the CTG codon is translated as serine rather 
than leucine (Papon et al. 2014). Its haploid genome 
comprises eight chromosomes encoding approxi-
mately 6,000 protein-coding genes and contains com-
plex regional centromeres enriched in the retrotrans-
posons Tps5a, Tps5b and Tps5c, together with large 
retrotransposon derivative (LARD) elements (Jeffries 
et al. 2007; Coughlan and Wolfe 2019; Vega-Estévez 
et al. 2021). Although S. stipitis isolates share highly 
conserved coding sequences, they exhibit substantial 
variation in genome organisation, with retrotranspo-
son-rich regions acting as hotspots for chromosome 
rearrangements and genome plasticity (Vega-Estévez 
et al. 2021).

Despite its biotechnological promise, S. stipi-
tis still requires substantial improvement as a bio-
catalyst for industrial 2G bioethanol production 
(Agbogbo and Coward-Kelly 2008; Wu et al. 2023). 
This is because it preferentially consumes glucose 
over xylose and is highly sensitive to ethanol during 
xylose fermentation, largely because xylose reduc-
tase and xylitol dehydrogenase are repressed under 
ethanol stress (Slininger et al. 2011). This limitation 
is particularly important because xylose is a major 
sugar in herbaceous lignocellulosic hydrolysates. 
Its utilisation can be inhibited by the accumulation 
of ethanol produced during prior glucose metabo-
lism, which may cause a diauxic lag when yeast 
shifts from glucose to xylose consumption. Without 
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a preinduction phase, poor utilisation of xylose in 
mixture with glucose results in prolonged diauxic 
lag and reduced ethanol yields (Slininger et  al. 
2011).

Fermentation of hydrolysates also impose addi-
tional stresses. Diluted acid or hot water pretreatment 
generates inhibitory compounds such as furan alde-
hydes and acetic acid and typically yields media with 
very low nitrogen availability (Jeffries 2008). Ammo-
nia fiber expansion (AFEX) avoids furan formation 
but introduces high ammonia levels and reduces 
sugar availability (Chundawat et al. 2020). Even with 
improvements in enzyme engineering and ammonia 
recycling (Chundawat et  al. 2020), AFEX hydro-
lysates still contain acetic acid and phenolic com-
pounds that impair fermentation (Casey et  al. 2010; 
Chen et al. 2020). Because of this complexity, adap-
tive laboratory evolution (ALE) under defined selec-
tive pressures has proven highly effective for gener-
ating S. stipitis isolates with improved fermentation 
performance under industrial conditions without prior 
knowledge of the underlying genetic basis of the trait. 
In a previous study, selection was designed to favour 
natural variants capable of fermenting xylose with 
minimal diauxic lag in the presence of ethanol and 
inhibitor-rich xylose hydrolysates, resulting in iso-
lates with markedly enhanced industrial performance 
(Slininger et al. 2015). However, previous attempts to 
identify the genetic basis of enhanced S. stipitis per-
formance using short-read Illumina sequencing failed 
to reveal mutations that could explain the evolved 
phenotype, leaving its molecular basis unresolved 
(Smith and Quinlan 2008).

To address this gap, we combined Illumina short-
read sequencing with Oxford Nanopore long-read 
sequencing to comprehensively characterise both 
small mutations and chromosomal-scale variation 
in two superior bioethanol-producing isolates, sup-2 
(NRRL-Y50859; USA patent 9,297,027) and sup-4 
(NRRL-Y50861; USA patent 9,297,027) obtained 
after long-term adaptation in hydrolysates prepared 
from switchgrass and corn stover, as well as in 
defined medium containing high ethanol concentra-
tions (Slininger et al. 2015). Our results indicate that 
small-scale mutations make only a limited contribu-
tion to the improved performance, whereas both bal-
anced and unbalanced chromosomal rearrangements 
are the main determinants of the industrially relevant 
phenotype.

Material and methods

Yeast strains and growth conditions

Table  S1 contains a list of strains, and Table  S2, 
a list of primers used in this study. Strains were 
obtained from the Agricultural Research Service 
(ARS) Collection, run by the National Center for 
Agricultural Utilization Research (NCAUR, for-
merly Northern Regional Research Laboratory 
(NRRL) Peoria, IL, and their identities were con-
firmed by sequencing of the 26S rDNA [D1/D2 
domain] (Villa-Carvajal et  al. 2006) using primers 
AB798 and AB799. Flask cultures of S. stipitis were 
incubated at 30 ⁰C mixed at 200 rpm and filled 20% 
w/v with yeast extract/peptone/d-glucose (YPD) 
medium supplemented with uridine (0.08  g/L) and 
adenine hemisulfate (0.05  g/L). Solid media were 
prepared by adding 2% w/v agar.

Fermentation analysis and ranking performance

Preparation of switchgrass hydrolysate (SGH)

Switchgrass hydrolysates were prepared from cul-
tivar Kanlow N1 harvested post-frost from Mead, 
NE, USA, which had been milled to pass through 
a 2 mm screen. Switchgrass was pretreated at 20% 
w/w solids by mixing 20  g dry weight of biomass 
and 2.4 g ADM (Archer Daniels Midland) Toasted 
Nutrisoy Flour (Product 063160) with 8  mL of 
0.936% (v/v) sulfuric acid solution and 0.3  g Plu-
ronic F-268 surfactant. After pretreatment, the 
product was adjusted to pH 4.5 by adding 7.14 mL 
of 15% Ca(OH)2 solution and 4.5  mL of 1  M cit-
ric acid buffer (pH 4.8) directly into each vessel and 
then tumbling 15 min in the Labomat. Pretreatment 
hydrolysates were transferred to 250  mL Pyrex 
screw cap bottles for saccharification. To each bot-
tle, 2.7 mL of CTec2 and 0.5 mL of HTec2 enzymes 
(Novozyme) were added then caps tightened, and 
hydrolysates were incubated approximately 72 h at 
50 °C and 175 rpm to saccharify. Resulting hydro-
lysates were amended with 2.36 g/L urea, adjusted 
to pH 6.2, then filter sterilized using 0.2  μm Nal-
gene filter units and stored at 4 °C. Composition of 
SGH with soy flour and urea amendments was given 
previously (Slininger et al. 2015, 2023).
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Strain performance on SGH

For comparing kinetic phenotypes of isolates, precul-
tures were inoculated by sterile loop from 24–48  h 
YM agar purity plates to 30  mL Optimal Defined 
Medium (ODM) with 50 g/L xylose in 50 mL flasks 
(Bellco silicone sponge plug closures). Culture media 
were previously described (Slininger et al. 2015). The 
ODM precultures were incubated 150 rpm (1” orbit) 
48 h at 25 °C and then used to inoculate 30 mL chal-
lenge cultures on 50%(v/v) SGH to OD620 ~ 0.5, which 
were similarly incubated. The 72 h challenge cultures 
were pelleted and concentrated to OD620 50, then 
used to inoculate 24 mL test cultures on 100% SGH 
to OD620 0.5 (initial pH 6.2). Cultures were incubated 
in 50 mL flasks as above and sampled daily to track 
cell growth (OD620) and concentrations of sugar and 
ethanol using high performance liquid chromatogra-
phy (HPLC), as previously described (Slininger et al. 
2015). Each strain was tested in duplicate in each of 
two experiments. In one experiment isolates were cul-
tivated in SGH at full strength (100%), and in a sec-
ond experiment they were cultivated in 80% v/v SGH 
(prepared by diluting SGH with water). Two primary 
performance factors, ethanol yield and xylose uptake 
rate, were used to evaluate improvements in xylose 
fermentation. These were the same criteria used pre-
viously to rank and select the superior evolved iso-
lates generated by adaptive laboratory evolution (Slin-
inger et al. 2015). The secondary performance factors 
were ethanol production rate and glucose uptake rate. 
Although adaptive laboratory evolution primarily 
selected for improved xylose fermentation, these sec-
ondary factors were included to ensure that improve-
ments in xylose utilisation were not accompanied by 
reduced glucose fermentation or ethanol productiv-
ity. Isolates were ranked in both 80% and 100% SGH 
media using a dimensionless Relative Performance 
Index (RPI). RPI was calculated from the mean (Xavg) 
and standard deviation (s) of each data set, as follows: 
RPI = (2 + F) × 100/4, where F = (X- Xavg)/s. The fac-
tor F is the standard score (z-score), which represents 
the number of standard deviations by which an obser-
vation differs from the dataset mean. For normally 
distributed data, most observations fall between − 2 
and + 2, corresponding to RPI values between 0 and 
100. The multiplier “100/4″ scales the transformed 
values to this range, with 0 representing the lowest 
and 100 the highest relative performance (Slininger 

et  al. 2015). Overall RPI values were calculated by 
averaging the RPIs of the two primary performance 
factors. Secondary performance factors were analysed 
separately to confirm that improvements in xylose 
fermentation were not accompanied by reduced glu-
cose utilisation or ethanol production.

Genetic analysis of superior strains

Contour‑clamped homogeneous electric field (CHEF) 
electrophoresis and Southern blotting

Intact yeast chromosomal DNA was prepared as 
previously described (Vega-Estévez et  al. 2021). 
Briefly, cells were grown overnight, harvested from 
an OD600 ≈ 7 culture by centrifugation, and embed-
ded in agarose plugs by resuspending the pellet in 
300 µl of 1% low-melt agarose (Bio-Rad, catalog no. 
1613112) prepared in 100 mM EDTA with 25 µl of 
10  mg/ml Zymolyase 100  T (Amsbio, catalog no. 
120493–1). The plugs were suspended in Zymolyase 
reaction buffer (100  mM EDTA, 100  mM Tris, 1% 
β-mercaptoethanol) solution and incubated overnight 
at 37 ⁰C. After that, the plugs were washed in 50 mM 
EDTA twice and resuspended in proteinase K reac-
tion buffer (100 mM EDTA, 0.2% SDS, 1%, 0.2 mg/
ml proteinase K) and incubated for two nights at 50 
⁰C. Plugs were then washed with 50 mM EDTA and 
stored at 4 ⁰C until run. Chromosomes were sepa-
rated in a 1% Megabase agarose gel (Bio-Rad) in 
0.5 × TBE using a CHEF DRII apparatus. Running 
conditions for karyotype visualization were 60- to 
120 s switch at 6 V/cm for 12 h, followed by a 120- 
to 300  s switch at 4.5  V/cm for 12  h at 14 ⁰C. For 
mChr5 chromosome visualization the running condi-
tions were switched to 60 to120 s, 6 V/cm for 12 h 
and 120 to 300  s, 4.5 V/cm for another 12 h. Chro-
mosomes were visualized by staining the 0.5 × TBE 
gel with ethidium bromide (0.5  μg/ml) for 30  min, 
followed by destaining in water for 30  min. Images 
were captured using a Syngene GBox Chemi XX6 gel 
imaging system.

For Southern Blot the DNA from CHEF gels 
were transferred overnight to a Zeta-Probe GT Mem-
brane (Bio-Rad, catalog no. 162–0196) in 20 × SSC 
and cross-linked using UV (150  mJ). Probing and 
detection of the DNA were conducted as previ-
ously described (Vega-Estévez et  al. 2021). Briefly, 
probes were generated by PCR incorporation of 
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DIG-11-dUTP into target sequences according to the 
manufacturer’s instructions (Roche). Chromosome 5 
and mChr5 were targeted using the primers AB994 
and AB995. The membrane was incubated with the 
probe overnight at 42⁰C with DIG Easy Hyb (Roche, 
catalog no. 11603558001). The DNA was detected 
with anti-digoxigenin-alkaline phosphatase antibody 
(Roche, catalog no. 11093274910) and CDP Star 
Ready-to-Use (Roche, catalog no. 12041677001) 
according to the manufacturers’ instructions.

Genome sequencing

The genomes of sup-2 (NRRL-Y50859) and sup-4 
(NRRL-Y-50861) isolates were sequenced by Illu-
mina short-read and Oxford Nanopore long-read 
sequencing technologies. DNA was extracted from an 
overnight culture using a Qiagen genomic tip 100/G 
kit (Qiagen, catalog no. 10243) according to manu-
facturer’s protocol. For long-read sequencing, Min-
ION sequencing (Oxford Nanopore, Oxford, UK) 
was performed on a DNA library prepared from size-
selected gDNA. DNA fragments greater than 30  kb 
were selected using a Blue Pippin (Sage Science) and 
concentrated using AmPure beads. From this, a DNA 
library was prepared using a 1D ligation sequencing 
kit (SQK-LSK108) and run on the Oxford Nanop-
ore MinION flow-cell FLOMIN 106D. The same 
gDNA extract was also used for the preparation of 
Illumina libraries. In this case, the DNA was sheared 
using a Covaris M220 with microTUBE-50 (catalog 
no. 520166) and size selected using the Blue Pippin 
(Sage Science). The library was constructed using a 
PCR-free kit with NEBNext End Repair (E6050S), 
NEB Next dA-tailing (E6053S), and Blunt T/A ligase 
(M0367S) New England Biolabs modules. Sequenc-
ing was performed on a MiSeq benchtop analyzer 
(Illumina) using a 2 × 300-bp PE (MS-102–3003) 
flow cell.

Bioinformatic analyses

Genome assembly and bioinformatic analyses are 
documented in the GitHub repository: https://​github.​
com/​harri​sonlab/​pichia/​tree/​master and were executed 
on HPC systems across NIAB East Malling Research, 
University of Kent and University of Greenwich. 
Job submission scripts via SunGridEngine are 

called within GitHub documentation but are docu-
mented within organisational private repositories. 
As such, the details of core run commands executed 
for each program are detailed in the Supplementary 
Information.

Gene deletion and yeast transformation

YSA1 deletion in the NRRL Y-7124 parental strain 
was achieved via homologous recombination using 
a linear YSA1-NATR DNA fragment contain-
ing a nourseothricin resistance gene flanked by 
500  bp regions homologous to YSA1. The YSA1-
NATR fragment was generated by overlap extension 
PCR. First, the 500  bp upstream and downstream 
of YSA1 were PCR amplified from NRRL Y-7124 
genomic DNA using primers AB1209 + AB1213 
and AB1210 + AB1215, generating products 1 and 
2. The nourseothricin resistance gene was ampli-
fied from pHA_NAT plasmid (AB17) using primers 
AB1214 + AB1216 containing overhangs anneal-
ing to products 1 and 2. Products 1–3 were stitched 
by PCR without primers, followed by a second PCR 
with primers AB1209 and AB1210.Yeast were trans-
formed by freeze-transformation (Passoth et al. 2003) 
and plated on YPD with 200  µg/ml nourseothricin. 
Correct integrants were identified by PCR using 
primers AB659 and AB1211.

Identification and validation of the chromosome 
5‑derived minichromosome

Illumina short-read and Oxford Nanopore long-read 
sequencing data were mapped to the S. stipitis refer-
ence genome as described above. Copy number varia-
tion was identified from sequencing depth by compar-
ing read coverage between the parental and evolved 
strains. Oxford Nanopore reads mapping to the chro-
mosome 5 CNV were manually inspected using IGV 
to identify reads containing S. stipitis telomeric repeat 
sequences (5′-ATG​GAT​CTT​TTC​ACG​TCT​TGC​GGT​
-3′) and to assess whether reads linked the amplified 
region to adjacent chromosome 5 sequences.

To validate the predicted chromosome termini, we 
designed a PCR assay using a chromosome 5-specific 
primer immediately proximal to the CNV(AB1015) 
and a primer complementary to telomeres (AB1018).

https://github.com/harrisonlab/pichia/tree/master
https://github.com/harrisonlab/pichia/tree/master
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The presence of an independent chromosome 
was confirmed by CHEF electrophoresis followed 
by Southern blotting using a chromosome 5-specific 
probe.

Chromosome loss assay

Seven colonies containing the minichromosome 
mChr5 were grown in 5  ml YPD for 15  h. Cells 
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were plated on YPD agar at low density. After 48 h 
at 30  °C, 10 colonies per plate were assessed for 
mChr5 presence by PCR using primers AB1015 and 
AB1018. Actin PCR with primers AB800 and AB801 
served as control. The experiment was performed 
in triplicate, analysing 210 colonies total. mChr5 
absence was confirmed on a selection of colonies by 
Southern blotting, amplifying the probe with primers 
AB994 and AB995.

Results

Adaptation to industrial conditions leads to genomic 
reorganisation and centromeric transposon changes in 
S. stipitis

To identify genetic changes associated with adap-
tation to hostile environments within S. stipitis, 
we focused on four superior (sup) bioethanol pro-
ducer strains derived from the wildtype (WT) strain 
NRRL Y-7124 during a previous Adaptive Labora-
tory Evolution (ALE) study (Slininger et al. 2015): 
sup-1, exposed to ammonia fiber expansion (AFEX) 
hydrolysates of corn stover for 122  days; sup-2, 
exposed to xylose-rich, glucose-poor dilute-acid 
pretreated switchgrass hydrolysate liquor (PSGHL) 
for 486  days; sup-3 and sup-4, exposed to AFEX 

(122  days) then sequential passaging in increasing 
ethanol for 205 days (Fig. 1A).

We first tested whether the sup strains had 
acquired a distinct genomic organisation by con-
tour-clamped homogeneous electric field (CHEF) 
electrophoresis, a technique that separates chro-
mosomes according to size. Strain sup-2 differed 
in chromosomal organisation compared to the WT 
strain, whereas sup-1, sup-3, and sup-4 displayed 
less pronounced differences (Fig. 1B).

The resolution of CHEF-gel electrophoresis is 
insufficient to identify the genomic changes that 
may have occurred during the evolution experi-
ments. To overcome this limitation, the genomes of 
the superior strains sup-2 and sup-4 were sequenced 
by combining short-reads Illumina sequencing with 
long-read Oxford Nanopore Technologies (ONT). 
The high accuracy of Illumina sequencing ena-
bled reliable identification of point mutations and 
small indels, whereas the long read length of ONT 
sequencing enabled the resolution of large-scale 
structural rearrangements (Goodwin et  al. 2016). 
The strain sup-2 was chosen due to its different kar-
yotype and because it was the only strain adapted to 
the most challenging environment: PSGHL media 
that is rich in xylose and poor in glucose (Slininger 
et  al. 2015). The strain sup-4 was selected because 
it was one of two strains sequentially adapted to two 
stresses: AFEX hydrolysate and high ethanol con-
centration (Slininger et  al. 2015). The assembled 
genome demonstrated that sup-2 and sup-4, like the 
parental WT strain, have a core genome organised 
into eight chromosomes (Fig. 1C and Fig. S2). Pre-
viously, we showed that different S. stipitis natural 
isolates have distinct genomic organisations and that 
retrotransposons are prominent drivers of this diver-
sity (Vega-Estévez et  al. 2021). While non-centro-
meric transposons were unchanged in abundance and 
localisation, we detected differences in centromeric 
retrotransposon organisation, specifically sup-2 and 
sup-4 CEN-5 and CEN-7 showed Tps5a copy num-
ber changes and sup-4 CEN-1 had extra transposon-
derived LARD elements (Fig. 1D). Therefore, trans-
posable elements were drivers of genome diversity 
as the yeast adapted to these hostile environments.

Fig. 1   Karyotypic and centromeric organization of evolved S. 
stipitis strains. (A) Schematic representation of the ALE exper-
iments leading to the selection of strains sup-1, sup-2, sup-3, 
and sup-4. The selection media and the duration of each selec-
tion (in days) are indicated. (B) Karyotype analysis of S. stipi-
tis isolates adapted to industrial hydrolysates. Chromosomes 
were separated by contour-clamped homogeneous electric field 
(CHEF) electrophoresis. The wild-type strain (WT; NRRL 
Y-7124) is shown alongside four evolved isolates, with sup-2 
and sup-4 highlighted in magenta and blue as the focus of this 
study. The sizes of the eight chromosomes are indicated. (C) 
Schematic representations of chromosomes from WT (NRRL 
Y-7124), sup-2, and sup-4 strains. Chromosome (Chr) number 
and size (Mbp) are shown. (D) Organization of centromeres 
CEN1, CEN5, and CEN7 in WT (NRRL Y-7124), sup-2, and 
sup-4 strains. The number and positions of full-length transpo-
sons, long terminal repeats (LTRs), and large retrotransposon 
derivative (LARD) elements are indicated

◂
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Small genetic mutations are unlikely drivers of 
enhanced ethanol production

Although variation in centromere size can influence 
chromosome segregation, it is unlikely to explain the 
superior performance of the sup-2 and sup-4 strains, 
because centromeric regions lack protein-coding 
genes (Coughlan and Wolfe 2019) and commonly 
tolerate extensive accumulation of transposable ele-
ments without measurable fitness effects (Klein and 
O’Neill 2018). To test whether coding-sequence 
changes contributed to the evolved phenotypes, we 
aligned Illumina reads from both strains to the paren-
tal reference genome and identified strain-specific 
variants. This analysis detected no nonsense muta-
tions and no small insertions or deletions (< 20 bp), 
indicating that experimental evolution may not have 
frequently generated or did not select for highly dis-
ruptive mutations in protein-coding regions. Instead, 
we identified seven missense mutations, three shared 
by both evolved strains and four detected only in sup-
4 (Table 1). The presence of shared variants suggests 
that these mutations may have been present in the 
ancestral population prior to selection, although inde-
pendent origin cannot be excluded. Structural models 
indicated that none of the missense changes are pre-
dicted to compromise protein folding (Fig. S1). Spe-
cifically, in sup-4, PICST_49608 (382 aa), an unchar-
acterised protein containing two AlphaFold-predicted 
domains, carries a substitution in domain 1 that is 
not predicted to affect its structure. PICST_62836, 
an MCP-domain signal transduction protein (632 
aa), harbours a T481N substitution with no predicted 
structural consequences. PICST_33084 (907 aa) is 
predicted to be largely intrinsically disordered, except 
for a 126-aa α-helix-rich region, and the mutation lies 
outside this structured domain. Finally, PICST_73970 

(1045 aa), a putative RNA cytidine acetyltransferase, 
carries a K79N substitution that is likewise not pre-
dicted to affect protein folding. Collectively, these 
findings suggest that the protein-coding mutations 
identified are unlikely to account for the enhanced 
phenotypes of sup-2 and sup-4.

A chromosomal translocation disrupts the NUDIX 
hydrolase Ysa1 in the superior sup‑2 strain

Because only a limited number of small-scale muta-
tions were detected during experimental evolu-
tion, and none could plausibly explain the superior 
phenotypes of sup-2 or sup-4, we hypothesised that 
selection favoured large-scale genomic alterations. 
ONT sequencing did not detect any structural varia-
tion in sup-4 (Fig. S2); however, it revealed a trans-
location between chromosome 1 and chromosome 2 
(Chr1-Chr2) in sup-2 that truncates the previously 
uncharacterized gene PICST_53805 (Fig. 2A and B). 
We validated this rearrangement by PCR (Fig.  2C). 
PICST_53805 encodes a protein containing a NUDIX 
hydrolase domain that we have designated S. stipitis 
Ysa1, based on its orthology to S. cerevisiae Ysa1 
(Fig.  2D and Fig.  S3). It has been shown that dele-
tion of S. cerevisiae YSA1 leads to increased NADPH 
availability and improved xylose utilization (Dunn 
et al. 1999; Tong et al. 2009), suggesting a potential 
functional link between disruption of PICST_53805 
and the enhanced phenotype observed in sup-2. To 
assess whether loss of YSA1 function contributes to 
the sup-2 phenotype, we generated an ysa1Δ mutant 
in the parental background and compared its fermen-
tation performance with that of the WT and sup-2 
strains. We cultured the WT, sup-2, and ysa1Δ strains 
in SGH and quantified the primary perfomance fac-
tors (ethanol yield and xylose uptake rate) which 

Table 1   List of SNPs associated with sup-2 and sup-4 superior strains

ID Gene Name Chr WT (aa) sup-2 (aa) sup-4 (aa) Type Description

PICST_46361 OCA1 Chr5 H120 Y120 Y12 Missense Tyrosine/serine phosphatase
PICST_31552 Chr4 D29 E29 E29 Missense PAPA-1 containing proteins
PICST_49608 Chr7 R23 I23 I23 Missense Hypothetical Protein
PICST_59269 Chr5 E54 E54 E54 Missense Hypothetical Protein
PICST_62836 Chr6 T481 N481 N481 Missense Hypothetical Protein
PICST_33084 Chr6 N409 I409 I409 Missense Hypothetical Protein
PICST_83970 Chr8 K79 N79 N79 Missense RNA cytidine acetyltransferase
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were previously used to select the superior strains 
during experimental evolution (Slininger et al. 2015) 
(Fig. 2E). We also measured secondary performance 
factors (ethanol production rate and glucose uptake 

rate) which were not used as isolate selection crite-
ria but were monitored to ensure that improvements 
in xylose fermentation did not compromise overall 
fermentation performance. (Slininger et  al. 2015) 

Fig. 2   A chromosomal translocation disrupts the NUDIX 
hydrolase gene YSA1 in the superior sup-2 strain. (A) Circos 
plot illustrating macrosynteny between the wild-type (WT; 
left) and sup-2 (right) strains, with chromosome (Chr) num-
bers indicated. The reciprocal translocation between chromo-
somes 1 and 2 is highlighted in yellow and blue. (B) Sche-
matic representations of chromosomes 1 and 2 in WT and 
sup-2 strains. The sequence at the translocation breakpoint is 
shown, together with the position of the YSA1 gene and the 
PCR amplicons (PCR1, PCR2, PCR3, and PCR4) used for 

diagnostic assays. (C) Agarose gel electrophoresis of amplifi-
cation products from PCR1, PCR2, PCR3, and PCR4 in WT 
and sup-2 strains (D) Schematic representation of the Ysa1 
protein showing total length and the position of the NUDIX 
hydrolase domain. (E) Experimental design used to assess fer-
mentation performance of WT, ysa1Δ, and sup-2 strains. (F) 
Relative Performance Index (RPI) for the primary performance 
traits (ethanol yield and xylose uptake rate) in WT, sup-2, and 
ysa1Δ strains under either 100% or 80% switchgrass hydro-
lysate (SGH) conditions (n = 4)



	 Chromosome Res           (2026) 34:21    21   Page 10 of 16

Vol:. (1234567890)

(Fig.  2E). We calculated the Relative Performance 
Index (RPI) to rank strains based on these param-
eters. When challenged with 100% SGH, the aver-
age primary RPI indicated improved performance in 
both sup-2 and ysa1Δ relative to the WT parent at a 
85% confidence level (sup-2: 73.29 ± 18.28%; ysa1Δ: 
54.09% ± 29.21%; WT Y7124: 48.10% ± 31.17%) 
(Fig.  2F and Table  S3B). We repeated the fermen-
tation experiments in 80% (v/v) SGH to enable 
two-way analysis of variance with isolate and SGH 

strength as variables. This analysis confirmed the 
results obtained in 100% SGH: at 80% SGH the WT 
strain had a lower RPI for primary performance fac-
tors (46.15 ± 39.52%) than sup-2 (52.85 ± 17.96%) 
and ysa1Δ (69.04 ± 18.77%) at a 83% confidence leve 
(Fig.  2F and Table  S4B). The lack of a significant 
isolate × SGH-strength interaction (Table S5) permit-
ted pooling of the 100% and 80% SGH data, thereby 
increasing the degrees of freedom from four to eight 
per isolate and improving the power of the ANOVA. 
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This procedure also streamlined the analysis and 
simplified interpretation.These results confirm that 
the sup-2 and ysa1Δ strains consistently outperform 
the WT parent for primary-factor performance under 
both SGH conditions, while secondary-factor perfor-
mance is comparable across all engineered strains 
(Table S5).

Thus the genetic changes in sup-2 and ysa1Δ pro-
duced greater improvements in the primary xylose 
fermentation traits targeted during adaptive labora-
tory evolution (Slininger et al. 2015). Together, these 
results indicate that the chromosome rearrangement 
selected during experimental evolution contributed, 
at least in part, to the superior performance of sup-2 
through disruption of YSA1.

Formation of a mitotically stable minichromosome 
during selection of superior S. stipitis bioethanol 
producer isolates

Read-depth analysis of Illumina and ONT sequenc-
ing identified a second large scale chromosomal 
alteration in the sup-2 genome. We detected an 

approximately 100  kb CNV on Chr5 comprising 
a ~ 30  kb region spanning the centromere (CEN5) 
and an adjacent ~ 70  kb region containing 24 pro-
tein-coding genes (Fig.  3A and B). Sequencing 
coverage across most of the CNV was approxi-
mately two-fold higher than in the parental strain. 
In contrast, the CEN5 region has higher apparent 
coverage (Fig.  3B). Inspection of individual ONT 
reads suggested that the centromeric region asso-
ciated with the CNV is larger than the endogenous 
CEN5 (~ 30  kb versus ~ 26  kb) and differs in its 
repeat organisation, which likely accounts for the 
increased coverage (Fig.  3C). A second region of 
elevated sequencing coverage was present in both 
the parental and evolved strains (Fig. 3A). This cor-
responds to the ribosomal DNA (rDNA) locus, a 
highly repetitive genomic region whose copy num-
ber is naturally variable.

We next examined ONT reads spanning the ampli-
fied region. We identified reads containing the S. 
stipitis telomeric repeat sequence (5′-ATG​GAT​CTT​
TTC​ACG​TCT​TGC​GGT​-3′) at the predicted end of 
the duplicated fragment. To validate this observation, 
we designed a PCR assay using one primer located 
immediately proximal to the centromeric CNV and a 
second primer complementary to telomeric regions. 
Although the chromosome 5-specific primer also 
anneals to the endogenous chromosome, amplifica-
tion from the native locus would require extension 
across approximately 700  kb and is therefore not 
expected under the PCR conditions used (Fig.  3D). 
Thus, amplification is only possible if the centromeric 
CNV is directly capped by telomeric repeats, as pre-
dicted by the ONT reads. This primer pair amplified 
the expected product exclusively in the evolved strain 
(Fig. 3D). The presence of both telomeric repeats and 
CEN5 suggested that the amplified DNA forms an 
independent linear chromosome rather than a dupli-
cated region within Chr5. To test this hypothesis, we 
separated intact chromosomes by CHEF electropho-
resis and hybridised them with a chromosome 5-spe-
cific probe. Southern blot analysis detected an addi-
tional linear chromosome of approximately 175  kb 
in sup-2 that was absent from the parental strain 
(Fig. 3E). This chromosome was substantially larger 
than the ~ 100  kb CNV identified by sequencing. 
Because the amplified region spans CEN5, the most 
parsimonious model that reconciles the sequencing 
and molecular data is duplication of the left arm of 

Fig. 3   Selection of a mitotically stable minichromosome 
during adaptation of S. stipitis to industrial hydrolysates. (A) 
Circular plots showing normalized read coverage of the WT 
(light grey) and sup-2 (dark grey) strains across all chromo-
somes (Chr). A region of increased copy number on the left 
arm of chromosome 5 (Chr5) in sup-2 is highlighted in orange 
and labeled as a copy number variation (CNV). (B) Long-
read sequencing coverage across Chr5. Read depth (y-axis) 
is shown for WT (black) and sup-2 (magenta) strains, with 
genomic coordinates indicated on the x-axis. The position of 
the centromere (CEN) is indicated. (C) Schematic representa-
tion of centromere (CEN) organisation in the endogenous chro-
mosome 5 and in the CNV identified in sup-2. (D) Schematic 
representations of full-length Chr5 and the minichromosome 
derived from the left arm of Chr5 (i-5L), showing the positions 
of the centromere (CEN), telomeric repeats (Tel), and pre-
dicted genes. Diagnostic PCR (TEL-CNV) and control (ACT) 
assays in WT and sup-2 strains are shown below. (E) Left: kar-
yotype analysis of S. stipitis strains by CHEF electrophoresis. 
L, lambda DNA ladder; REF, reference strain NRRL Y-11545; 
WT, parental strain NRRL Y-7124; sup-2, superior strain car-
rying the minichromosome (i-5L +). Right: Southern blot of 
CHEF-separated chromosomes hybridized with a Chr5-specific 
probe, confirming the presence of the minichromosome in sup-
2. The final structure of i-5L is indicated. (F) Relative Perfor-
mance Index (RPI) for the primary performance traits (ethanol 
yield and xylose uptake rate) of WT and sup-2 strains with 
and without i-5L under 100% or 80% switchgrass hydrolysate 
(SGH) conditions. Values represent means ± SD from four bio-
logical replicates; the average RPI is shown for each condition

◂
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Chr5 around the centromere to generate an isochro-
mosome, which we named i-5L (Fig. 3E).

We next quantified the mitotic stability of i-5L. We 
propagated seven independent sup-2 cultures over-
night in rich medium, isolated single colonies and 
screened them using the i-5L PCR assay (Fig. S2A). 
Nine of the 210 colonies analysed lacked the diag-
nostic PCR product, corresponding to a chromosome 
loss rate of approximately 4.3 ± 1.4% (Fig.  S2B). 
CHEF electrophoresis and Southern blotting inde-
pendently confirmed the loss of i-5L in these iso-
lates (Fig. S2C), demonstrating that the chromosome 
is transmitted through mitosis but can be lost in the 
absence of selection.

Gene annotation identified 24 genes within the 
duplicated chromosome arm that are predicted to be 
present in three copies in sup-2 (one copy on chro-
mosome 5 and two copies on i-5L; Table S6). These 
genes encode proteins involved in metabolism, cel-
lular signalling, information storage and processing, 
together with several proteins of unknown function. 
To examine whether the presence of i-5L is associ-
ated with differences in fermentation performance, 
we compared the original sup-2 isolate (containing 
i-5L) with three isolates that had lost the minichro-
mosome (sup-2 NO i-5L). We cultured those strains 
in SGH and calculated RPI based on primary perfor-
mance factors (ethanol yield and xylose uptake rate) 
and secondary performance factors (ethanol produc-
tion rate and glucose uptake rate). In 100% SGH, 
sup-2 isolates carrying i-5L showed higher average 
primary RPI values (73.29 ± 18.28%) than isolates 
lacking i-5L (41.50 ± 19.44%), indicating that loss of 
the minichromosome results in reduced performance 
at an 85% confidence level (Fig. 3F and Table S3B). 
In 80% SGH, the sup-2 isolate (retaining i-5L) again 
showed higher average primary RPI (52.85 ± 17.96%) 
than isolates lacking i-5L (49.40 ± 23.05%), albeit the 
magnitude of improvement was smaller, which would 
be consistent with the reduced inhibitor challenge 
(Fig. 3F and Table S4B). When data from both SGH 
concentrations were considered together, isolates that 
had lost i-5L consistently exhibited lower RPI values 
for the primary performance factors, whereas second-
ary performance factors were less affected (Table S5). 
Thus, long-term exposure to hostile environments led 
to the formation and selection of a minichromosome 
that improved bioethanol production from industrial 
hydrolysates.

Discussion

Understanding how organisms respond and adapt 
to selective pressures is a central question in evo-
lutionary biology. At the same time, defining the 
genomic basis of improved microbial performance 
in lignocellulosic hydrolysates is critical for advanc-
ing 2G bioethanol production. These dual motiva-
tions make adaptive laboratory evolution of indus-
trial yeasts a powerful framework for studying how 
genome architecture contributes to complex traits. 
Although S. stipitis is among the most efficient native 
xylose-fermenting yeasts, previous studies of evolved 
strains were unable to identify clear genetic determi-
nants underlying improved performance in industrial 
hydrolysates (Smith et al. 2008). By combining long- 
and short-read genome sequencing with functional 
genetic and phenotypic analyses, we investigated the 
genomic basis of adaptation in two independently 
evolved strains, sup-2 and sup-4, obtained after more 
than 12  months of adaptive laboratory evolution in 
industrial hydrolysates (Slininger et  al. 2015). Our 
results show that these strains followed distinct evolu-
tionary trajectories.

Genome structural variation as a major driver of 
adaptation in sup‑2

In sup-2, we identified two major structural genomic 
alterations that together explain much of its improved 
fermentation phenotype. The first is a balanced 
reciprocal translocation between chromosomes 
1 and 2 that disrupts the NUDIX hydrolase gene 
YSA1. In S. cerevisiae, Ysa1 functions as an ADP-
ribose pyrophosphatase, and its loss redirects car-
bon flux toward the pentose phosphate pathway and 
increases NADPH availability, thereby enhancing 
redox balance and resistance to oxidative and chemi-
cal stress (Dunn et  al. 1999; McLennan 2006; Lee 
et  al. 2014). Increased NADPH availability is also 
expected to benefit xylose metabolism, which relies 
on tightly coupled redox reactions. Consistent with 
this metabolic role, we found that deletion of YSA1 
in the parental S. stipitis background improves xylose 
uptake and fermentation performance, supporting the 
conclusion that disruption of YSA1 contributes to 
the adaptive phenotype of sup-2 under hydrolysate 
conditions.
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The second major genomic alteration in sup-
2 is the formation of the isochromosome i-5L 
derived from the chromosome 5. This finding adds 
to growing evidence that large chromosomal rear-
rangements, including complex aneuploidies, are 
important mechanisms of adaptation in laboratory, 
industrial and wild yeast populations, and frequently 
arise during adaptive laboratory evolution of indus-
trial yeasts (Mangado et  al. 2018; O’Donnell et  al. 
2023; Muenzner et al. 2024; Podgorsek et al. 2025). 
Because i-5L retains a functional centromere and is 
capped by telomeric repeats, it behaves as an inde-
pendent chromosome and it is functionally similar 
to accessory chromosomes of filamentous fungi 
(Ma et  al. 2010; Goodwin et  al. 2011; Croll et  al. 
2013; D’Ambrosio et  al. 2017; Ferree et  al. 2024) 
and adaptive whole-chromosome aneuploidies in 
budding yeast (Yona et  al. 2012), which are trans-
mitted through mitosis and confers a selective 
advantage. In sup-2, i-5L increases the copy num-
ber of 24 genes involved in metabolism, signalling 
and information processing. We hypothesise that 
the simultaneous increase in gene dosage across 
multiple pathways enhances metabolic robustness 
and inhibitor tolerance during growth in lignocel-
lulosic hydrolysates. The functional contribution of 
i-5L is supported by phenotypic comparisons show-
ing that sup-2 isolates that lost i-5L during non-
selective growth exhibited reduced fermentation 
performance.

The spontaneous loss of i-5L during growth in the 
absence of selection (~ 4.3% per generation) indicates 
that i-5L is mitotically stable but it is not essential for 
viability and can be lost during cell division. While 
retained, the duplicated genes on i-5L may provide 
an opportunity for adaptive mutations to arise inde-
pendently of chromosome duplication, ultimately 
reducing the selective advantage of maintaining the 
chromosome. Together, these observations support 
the emerging view that aneuploidy provides a tran-
sient adaptive solution by increasing gene dosage 
until more stable compensatory mutations arise, after 
which the aneuploid state is progressively lost (Koh-
anovski et al. 2024).

Together, disruption of YSA1 and formation of the 
chromosome 5-derived isochromosome i-5L illustrate 
how large-scale chromosomal rearrangements can 
rapidly generate adaptive phenotypes by simultane-
ously altering the dosage of multiple genes.

Limited coding variation in sup‑4 and potential 
regulatory adaptation

In contrast to sup-2, the enhanced fermentation per-
formance of sup-4 cannot be readily attributed to 
large-scale chromosomal rearrangements or to clearly 
disruptive mutations in protein-coding genes. We 
identified a distinct centromere organisation in sup-
4; however, this is unlikely to contribute directly to 
the improved phenotype because centromeric regions 
lack protein-coding genes and can tolerate variation 
in repetitive elements without measurable fitness 
consequences (Klein and O’Neill 2018; Coughlan 
and Wolfe 2019). In addition, genome sequencing 
revealed no nonsense mutations and no small inser-
tions or deletions (< 20 bp) in sup-4, arguing against 
selection of highly deleterious mutations during 
experimental evolution. Instead, we detected only 
missense substitutions, three of which were shared 
between sup-2 and sup-4 and four that were specific 
to sup-4. The presence of shared variants suggests 
that these mutations may have been present in the 
ancestral population prior to selection, although inde-
pendent origin cannot be excluded. Structural models 
indicated that none of the missense changes are pre-
dicted to compromise protein function.

The contrasting genomic signatures of sup-2 and 
sup-4 are plausibly explained by their distinct selec-
tive histories. The strain sup-2 had evolved under 
sustained exposure to dilute-acid hydrolysate, charac-
terized by increasingly high concentrations of fermen-
tation inhibitors and xylose-rich, glucose-poor condi-
tions, whereas sup-4 experienced an initial phase in 
AFEX-treated hydrolysate followed by ethanol stress. 
These environments impose different physiologi-
cal constraints that are likely favour different adap-
tive strategies. The comparatively milder and more 
heterogeneous pressures experienced by sup-4 may 
have promoted incremental tuning of gene expres-
sion rather than selection for extensive chromosomal 
rearrangements or coding mutations. One plausible 
explanation is that adaptation in sup-4 involves chro-
matin organisation and epigenetic processes. Changes 
in chromatin accessibility, histone modifications, 
nucleosome positioning, or stable transcriptional 
states can produce heritable shifts in gene expression 
without altering underlying DNA sequence (Ge and 
Brickner 2024). In agreement with this hypothesis, 
stress-induced transcriptional memory and chromatin 
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remodelling have been shown to persist across gen-
erations and to facilitate rapid adaptation to fluctu-
ating environments in yeast (D’Urso and Brickner 
2014; Audergon et  al. 2015; Torres-Garcia et  al. 
2020). Although we did not directly assess chroma-
tin state or global transcriptional profiles in this study, 
the paucity of structural and coding variation in sup-
4 is consistent with an adaptive trajectory dominated 
by regulatory change. Future work integrating tran-
scriptomics and chromatin profiling will be required 
to determine whether stable regulatory states contrib-
ute to the enhanced fermentation performance of this 
strain.

In summary, this study reveals that long-term 
adaptation of S. stipitis to industrial hydrolysates 
incurred profound genome restructuring and under-
scores the central role of genome plasticity in shaping 
complex industrial phenotypes.

Acknowledgements  We thank all current and former mem-
bers of the Buscaino Lab for their critical feedback and helpful 
discussions. We also thank members of the Kent Fungal Group 
for their valuable input and support.

Author contributions  S.V.E. performed the majority of the 
experiments, including wet-lab work and bioinformatic analy-
ses. A.A. contributed to the bioinformatic analyses. B.S.D. car-
ried out the fermentation studies, including measurements of 
primary performance factors (ethanol yield and xylose uptake 
rate) and secondary performance factors. P.J.S. provided exper-
tise in fermentation studies and laboratory evolution. A.B. 
conceived and supervised the study, designed the research, 
and wrote the manuscript. All authors contributed to the study 
conception and design, commented on previous versions of the 
manuscript, and approved the final manuscript.

Funding  This work was supported by the Biotechnology 
and Biological Sciences Research Council (BBSRC) [grant 
numbers BB/T006315/1 to S.V.-E.; BB/X011054/1 and BB/
T006315/1 to A.B.]. This work was also supported by UK 
Research and Innovation (UKRI) [grant number SIPF00004/1 
to A.B.]. B. Dien, and P. Slininger received financial sup-
port from the U.S. Department of Agriculture, Agricultural 
Research Service, United States (CRIS Numbers 5010–41000-
189). Mention of trade names or commercial products in this 
article is solely for the purpose of providing scientific informa-
tion and does not imply recommendation or endorsement by 
the U.S. Department of Agriculture. USDA is an equal oppor-
tunity provider and employer.

Data availability  Whole Genome Shotgun projects have 
been deposited at DDBJ/ENA/GenBank under BioProject 
PRJNA609885 with the accessions JADGGB000000000 and 
JADGGC000000000. The versions described in this paper are 
versions JADGGB010000000 and JADGGC010000000.

Declarations 

Competing interests  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Agbogbo FK, Coward-Kelly G (2008) Cellulosic ethanol pro-
duction using the naturally occurring xylose-fermenting 
yeast, Pichia stipitis. Biotechnol Lett 30:1515–1524

Audergon PN, Catania S, Kagansky A, Tong P, Shukla M, 
Pidoux AL, Allshire RC (2015) Epigenetics. Restricted 
epigenetic inheritance of H3K9 methylation. Science 
348:132–135

Bomblies K, Peichel CL (2022) Genetics of adaptation. Proc 
Natl Acad Sci U S A 119:e2122152119

Bruinenberg PM, de Bot PHM, van Dijken JP, Scheffers WA 
(1984) NADH-linked aldose reductase: the key to anaer-
obic alcoholic fermentation of xylose by yeasts. Appl 
Microbiol Biotechnol 19:256–260

Casey E, Sedlak M, Ho NW, Mosier NS (2010) Effect of acetic 
acid and pH on the cofermentation of glucose and xylose 
to ethanol by a genetically engineered strain of Saccharo-
myces cerevisiae. FEMS Yeast Res 10:385–393

Chen X, Zhai R, Li Y, Yuan X, Liu Z-H, Jin M (2020) Under-
standing the structural characteristics of water-soluble 
phenolic compounds from four pretreatments of corn 
stover and their inhibitory effects on enzymatic hydrolysis 
and fermentation. Biotechnol Biofuels 13:44

Chundawat SPS, Pal RK, Zhao C, Campbell T, Teymouri 
F, Videto J, Nielson C, Wieferich B, Sousa L, Dale BE, 
Balan V, Chipkar S, Aguado J, Burke E, Ong RG (2020) 
Ammonia fiber expansion (AFEX) pretreatment of ligno-
cellulosic biomass. J Vis Exp 158:e57488. https://​doi.​org/​
10.​3791/​57488

Coughlan AY, Wolfe KH (2019) The reported point cen-
tromeres of Scheffersomyces stipitis are retrotransposon 
long terminal repeats. Yeast 36:275–283

Croll D, Zala M, McDonald BA (2013) Breakage-fusion-
bridge cycles and large insertions contribute to the rapid 
evolution of accessory chromosomes in a fungal pathogen. 
PLoS Genet 9:e1003567

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3791/57488
https://doi.org/10.3791/57488


Chromosome Res           (2026) 34:21 	 Page 15 of 16     21 

Vol.: (0123456789)

D’Ambrosio U, Alonso-Lifante MP, Barros K, Kovarik A, Mas 
de Xaxars G, Garcia S (2017) B-chrom: a database on 
B-chromosomes of plants, animals and fungi. New Phytol 
216:635–642

du Preez JC, van Driessel B, Prior BA (1989) Ethanol tolerance 
of Pichia stipitis and Candida shehatae strains in fed-
batch cultures at controlled low dissolved oxygen levels. 
Appl Microbiol Biotechnol 30:53–58

Dunham MJ, Badrane H, Ferea T, Adams J, Brown PO, Rosen-
zweig F, Botstein D (2002) Characteristic genome rear-
rangements in experimental evolution of Saccharomyces 
cerevisiae. Proc Natl Acad Sci U S A 99:16144–16149

Dunn CA, O’Handley SF, Frick DN, Bessman MJ (1999) Stud-
ies on the ADP-ribose pyrophosphatase subfamily of the 
Nudix hydrolases and tentative identification of trgB, a 
gene associated with tellurite resistance*. J Biol Chem 
274:32318–32324

D’Urso A, Brickner JH (2014) Mechanisms of epigenetic 
memory. Trends Genet 30:230–236

Ferree PM, Blagojevic J, Houben A, Martins C, Trifonov 
VA, Vujosevic M (2024) What is a B chromosome? 
Early definitions revisited. G3 (Bethesda) 14:jkae068

Ge T, Brickner JH (2024) Inheritance of epigenetic transcrip-
tional memory. Curr Opin Genet Dev 85:102174

Goodwin SB, M’Barek SB, Dhillon B, Wittenberg AH, 
Crane CF, Hane JK, Foster AJ, Van der Lee TA, Grim-
wood J, Aerts A et  al (2011) Finished genome of the 
fungal wheat pathogen Mycosphaerella graminicola 
reveals dispensome structure, chromosome plasticity, 
and stealth pathogenesis. PLoS Genet 7:e1002070

Goodwin S, McPherson JD, McCombie WR (2016) Coming 
of age: ten years of next-generation sequencing technol-
ogies. Nat Rev Genet 17:333–351

Harewood L, Fraser P (2014) The impact of chromosomal 
rearrangements on regulation of gene expression. Hum 
Mol Genet. https://​doi.​org/​10.​1093/​hmg/​ddu278

Harewood L, Kishore K, Eldridge MD, Wingett S, Pearson 
D, Schoenfelder S, Collins VP, Fraser P (2017) Hi-C as 
a tool for precise detection and characterisation of chro-
mosomal rearrangements and copy number variation in 
human tumours. Genome Biol 18:125

Jeffries TW (2008). Engineering the Pichia stipitis genome 
for fermentation of hemicellulose hydrolysates. In: Wall 
JD, Harwood CS, Demain A (eds) Bioenergy. https://​
doi.​org/​10.​1128/​97815​55815​547.​ch3

Jeffries TW, Grigoriev IV, Grimwood J, Laplaza JM, Aerts 
A, Salamov A, Schmutz J, Lindquist E, Dehal P, Shapiro 
H et al (2007) Genome sequence of the lignocellulose-
bioconverting and xylose-fermenting yeast Pichia stipi-
tis. Nat Biotechnol 25:319–326

Klein SJ, O’Neill RJ (2018) Transposable elements: genome 
innovation, chromosome diversity, and centromere con-
flict. In: Chromosome research, vol 26. Springer Nether-
lands, pp 5–23

Kohanovski I, Pontz M, Vande Zande P, Selmecki A, Dahan 
O, Pilpel Y, Yona AH, Ram Y (2024) Aneuploidy can 
be an evolutionary diversion on the path to adaptation. 
Mol Biol Evol. https://​doi.​org/​10.​1093/​molbev/​msae0​52

Lee KT, Kwon H, Lee D, Bahn YS (2014) A Nudix hydro-
lase protein, Ysa1, regulates oxidative stress response 

and antifungal drug susceptibility in Cryptococcus neo-
formans. Mycobiology 42:52–58

Ma LJ, van der Does HC, Borkovich KA, Coleman JJ, 
Daboussi MJ, Di Pietro A, Dufresne M, Freitag M, 
Grabherr M, Henrissat B et  al (2010) Comparative 
genomics reveals mobile pathogenicity chromosomes in 
Fusarium. Nature 464:367–373

Mangado A, Morales P, Gonzalez R, Tronchoni J (2018) 
Evolution of a yeast with industrial background under 
winemaking conditions leads to diploidization and 
chromosomal copy number variation. Front Microbiol 
9:1816

McLennan AG (2006) The Nudix hydrolase superfamily. Cell 
Mol Life Sci 63:123–143

Mohr A, Raman S (2015) Lessons from first generation biofu-
els and implications for the sustainability appraisal of sec-
ond generation biofuels. Efficiency and sustainability in 
biofuel production: environmental and land-use research. 
pp 281–310. https://​doi.​org/​10.​1016/j.​enpol.​2013.​08.​033.

Muenzner J, Trébulle P, Agostini F, Zauber H, Messner CB, 
Steger M, Kilian C, Lau K, Barthel N, Lehmann A et al 
(2024) Natural proteome diversity links aneuploidy toler-
ance to protein turnover. Nature 630:149–157

O’Donnell S, Yue JX, Saada OA, Agier N, Caradec C, Coke-
laer T, De Chiara M, Delmas S, Dutreux F, Fournier T 
et  al (2023) Telomere-to-telomere assemblies of 142 
strains characterize the genome structural landscape in 
Saccharomyces cerevisiae. Nat Genet 55:1390–1399

Papon N, Courdavault V, Clastre M (2014) Biotechnological 
potential of the fungal CTG clade species in the synthetic 
biology era. In: Trends in biotechnology, vol 32. Elsevier 
Ltd., pp 167–168

Passoth V, Hahn-Hägerdal B, Klinner U (2003) Freeze trans-
formation, plasmid reisolation and stability in Pichia 
stipitis. In: Wolf K et al. (eds) Non-conventional yeasts in 
genetics, biochemistry and biotechnology: practical proto-
cols. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 
253–259. https://​doi.​org/​10.​1007/​978-3-​642-​55758-3_​40

Peter J, De Chiara M, Friedrich A, Yue J-X, Pflieger D, Berg-
ström A, Sigwalt A, Barre B, Freel K, Llored A et  al 
(2018) Genome evolution across 1,011 Saccharomyces 
cerevisiae isolates Species-wide genetic and phenotypic 
diversity. Nature

Podgorsek M, Dobersek K, Pas M, Tome M, Ocvirk M, Petro-
vic U, Kosir IJ, Cadez N (2025) Genomic adaptation of 
an autochthonous cider yeast strain to buckwheat and bar-
ley wort under stressful brewing conditions. Appl Environ 
Microbiol 91:e0101525

Robak K, Balcerek M (2018) Review of second generation 
bioethanol production from residual biomass. Food Tech-
nol Biotechnol 56:174–187

Selmecki A, Forche A, Berman J (2006) Aneuploidy and isoch-
romosome formation in drug-resistant Candida albicans. 
Science (New York, NY) 313:367–370

Sheltzer JM, Amon A (2011) The aneuploidy paradox: costs 
and benefits of an incorrect karyotype. Trends Genet 
27:446–453

Sims REH, Mabee W, Saddler JN, Taylor M (2010) An over-
view of second generation biofuel technologies. Bioresour 
Technol 101:1570–1580

https://doi.org/10.1093/hmg/ddu278
https://doi.org/10.1128/9781555815547.ch3
https://doi.org/10.1128/9781555815547.ch3
https://doi.org/10.1093/molbev/msae052
https://doi.org/10.1016/j.enpol.2013.08.033
https://doi.org/10.1007/978-3-642-55758-3_40


	 Chromosome Res           (2026) 34:21    21   Page 16 of 16

Vol:. (1234567890)

Slininger PJ, Bothast RJ, Okos MR, Ladisch MR (1985) Com-
parative evaluation of ethanol production by xylose-fer-
menting yeasts presented high xylose concentrations. Bio-
technol Lett 7:431–436

Slininger PJ, Dien BS, Gorsich SW, Liu ZL (2006) Nitrogen 
source and mineral optimization enhance D: -xylose 
conversion to ethanol by the yeast Pichia stipitis NRRL 
Y-7124. Appl Microbiol Biotechnol 72:1285–1296

Slininger PJ, Gorsich SW, Liu ZL (2009) Culture nutrition 
and physiology impact the inhibitor tolerance of the 
yeast Pichia stipitis NRRL Y-7124. Biotechnol Bioeng 
102:778–790

Slininger PJ, Thompson SR, Weber S, Liu ZL, Moon J (2011) 
Repression of xylose-specific enzymes by ethanol in 
Scheffersomyces (Pichia) stipitis and utility of repitching 
xylose-grown populations to eliminate diauxic lag. Bio-
technol Bioeng 108:1801–1815

Slininger PJ, Shea-Andersh M, Thompson SR, Dien BS, Kurtz-
man CP, Balan V, da Costa Sousa L, Uppugundla N, Dale 
BE, Cotta M (2015) Evolved strains of Scheffersomy-
ces stipitis achieving high ethanol productivity on acid- 
and base-pretreated biomass hydrolyzate at high solids 
loading. Biotechnol Biofuels. https://​doi.​org/​10.​1186/​
s13068-​015-​0239-6

Slininger PJ, Shea-Andersh MA, Dien BS (2023) Rapid dilute sul-
furic acid hydrolysis of soy flour to amino acids for microbial 
processes and biorefining. Fermentation (Basel) 9:1028

Smith DR, Quinlan AR (2008) Rapid whole-genome muta-
tional profiling using next-generation sequencing technol-
ogies. Genom Res: 1638-1642. https://​doi.​org/​10.​1101/​gr.​
077776.​108

Smith DR, Quinlan AR, Peckham HE, Makowsky K, Tao W, 
Woolf B, Shen L, Donahue WF, Tusneem N, Stromberg 
MP et al (2008) Rapid whole-genome mutational profiling 
using next-generation sequencing technologies. Genome 
Res 18:1638–1642

Stone NRH, Rhodes J, Fisher MC, Mfinanga S, Kivuyo S, 
Rugemalila J, Segal ES, Needleman L, Molloy SF, Kwon-
Chung J et  al (2019) Dynamic ploidy changes drive flu-
conazole resistance in human cryptococcal meningitis. J 
Clin Invest 129:999–1014

Sui Y, Qi L, Wu JK, Wen XP, Tang XX, Ma ZJ, Wu XC, Zhang 
K, Kokoska RJ, Zheng DQ et  al (2020) Genome-wide 
mapping of spontaneous genetic alterations in diploid 
yeast cells. Proc Natl Acad Sci U S A 117:28191–28200

Tang XX, Wen XP, Qi L, Sui Y, Zhu YX, Zheng DQ (2021) 
Origin, regulation, and fitness effect of chromosomal rear-
rangements in the yeast Saccharomyces cerevisiae. Int J 
Mol Sci. https://​doi.​org/​10.​3390/​ijms2​20207​86

Tong L, Lee S, Denu JM (2009) Hydrolase regulates NAD+ 
metabolites and modulates cellular redox. J Biol Chem 
284:11256–11266

Torres-Garcia S, Yaseen I, Shukla M, Audergon PNCB, White 
SA, Pidoux AL, Allshire RC (2020) Epigenetic gene 
silencing by heterochromatin primes fungal resistance. 
Nature 585:453–458

Vega-Estévez S, Armitage A, Bates HJ, Harrison RJ, Buscaino 
A (2021) The genome of the CTG(Ser1) yeast Scheffer-
somyces stipitis is plastic. Mbio. https://​doi.​org/​10.​1128/​
MBIO.​01871-​21

Villa-Carvajal M, Querol A, Belloch C (2006) Identifica-
tion of species in the genus Pichia by restriction of the 
internal transcribed spacers (ITS1 and ITS2) and the 
5.8S ribosomal DNA gene. Antonie Van Leeuwenhoek 
90:171–181

Wang WJ, Li LY, Cui JW (2020) Chromosome structural vari-
ation in tumorigenesis: mechanisms of formation and car-
cinogenesis. Epigenetics Chromatin 13:49

Weischenfeldt J, Symmons O, Spitz F, Korbel JO (2013) Phe-
notypic impact of genomic structural variation: insights 
from and for human disease. Nat Rev Genet 14:125–138

Wu Y, Su C, Zhang G, Liao Z, Wen J, Wang Y, Jiang Y, Zhang 
C, Cai D (2023) High-titer bioethanol production from 
steam-exploded corn stover using an engineering Saccha-
romyces cerevisiae strain with high inhibitor tolerance. 
Fermentation (Basel) 9:906–906

Yona AH, Manor YS, Herbst RH, Romano GH, Mitchell A, 
Kupiec M, Pilpel Y, Dahan O (2012) Chromosomal dupli-
cation is a transient evolutionary solution to stress. Proc 
Natl Acad Sci U S A 109:21010–21015

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1186/s13068-015-0239-6
https://doi.org/10.1186/s13068-015-0239-6
https://doi.org/10.1101/gr.077776.108
https://doi.org/10.1101/gr.077776.108
https://doi.org/10.3390/ijms22020786
https://doi.org/10.1128/MBIO.01871-21
https://doi.org/10.1128/MBIO.01871-21

