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Abstract 

Background Lignocellulose is a renewable and sustainable resource used to produce second-generation biofuel 
ethanol to cope with the resource and energy crisis. Furfural is the most toxic inhibitor of Saccharomyces cerevisiae 
cells produced during lignocellulose treatment, and can reduce the ability of S. cerevisiae to utilize lignocellulose, 
resulting in low bioethanol yield. In this study, multiple rounds of progressive ionizing radiation was combined 
with adaptive laboratory evolution to improve the furfural tolerance of S. cerevisiae and increase the yield of ethanol.

Results In this study, the strategy of multiple rounds of progressive X-ray radiation combined with adaptive 
laboratory evolution significantly improved the furfural tolerance of brewing yeast. After four rounds of experiments, 
four mutant strains resistant to high concentrations of furfural were obtained (SCF-R1, SCF-R2, SCF-R3, and SCF-
R4), with furfural tolerance concentrations of 4.0, 4.2, 4.4, and 4.5 g/L, respectively. Among them, the mutant strain 
SCF-R4 obtained in the fourth round of radiation had a cellular malondialdehyde content of 49.11 nmol/mg after 3 h 
of furfural stress, a weakening trend in mitochondrial membrane potential collapse, a decrease in accumulated 
reactive oxygen species, and a cell death rate of 12.60%, showing better cell membrane integrity, stable mitochondrial 
function, and an improved ability to limit reactive oxygen species production compared to the other mutant strains 
and the wild-type strain. In a fermentation medium containing 3.5 g/L furfural, the growth lag phase of the SCF-R4 
mutant strain was shortened, and its growth ability significantly improved. After 96 h of fermentation, the ethanol 
production of the mutant strain SCF-R4 was 1.86 times that of the wild-type, indicating that with an increase 
in the number of irradiation rounds, the furfural tolerance of the mutant strain SCF-R4 was effectively enhanced. In 
addition, through genome-transcriptome analysis, potential sites related to furfural detoxification were identified, 
including GAL7, MAE1, PDC6, HXT1, AUS1, and TPK3.

Conclusions These results indicate that multiple rounds of progressive X-ray radiation combined with adaptive 
laboratory evolution is an effective mutagenic strategy for obtaining furfural-tolerant mutants and that it 
has the potential to tap genes related to the furfural detoxification mechanism.
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Highlights 

• Multi-round progressive X-ray radiation combined ALE bred furfural-resistant mutants
• Mutants obtained through four rounds of radiation exhibited higher resistance to furfural
• Membrane integrity, stable mitochondrial function, and antioxidant capacity, played an important role in resisting 

furfural stress
• Multi-omics analysis identified many potential mutational sites that enhance the strain’s furfural tolerance

Keywords Furfural, Second generation biofuel ethanol, Evolution, Whole genome resequencing, Saccharomyces 
cerevisiae
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Background
As the world experiences a worsening energy 
crisis, ethanol is garnering recognition as a second-
generation biofuel [1] and is projected to become 
the most important carbon–neutral resource for 
reducing  CO2 emissions [2]. Lignocellulosic biomass 
is a promising renewable resource, and is considered 
an excellent source of sugars for microbial conversion, 
especially for ethanol production [3]. However, 
lignocellulosic biomass pretreatment always generates 
fermentation inhibitors, such as furan aldehydes 
(furfural, 5-hydroxymethyl furfural, etc.), phenolics 
(vanillin, syringaldehyde, etc.), and weak acids (formic 
acid, acetic acid, etc.) [4]. In particular, furfural is a 
strongly cytotoxic product of pentose dehydration 
during lignocellulosic hydrolysis [5], restricting 
Saccharomyces cerevisiae growth, metabolism, ethanol 
production, cell morphology, and physiological status 
[6–8]. Furfural severely inhibits intracellular redox 
metabolism and induces the accumulation of reactive 
oxygen species, thus damaging the mitochondria, 
endoplasmic reticulum, membrane integrity, actin 
cytoskeleton, and nuclear chromatin [7, 8]. Furfural 
also affects adenosine triphosphate (ATP) production 
rates and RNA/protein synthesis [9, 10]. Therefore, 
a top priority in sustainable energy production is 
addressing the negative effect of hazardous chemicals 
on microorganisms. Shui et  al. [11] obtained four 
Zymomonas mobilis mutants tolerant to furfural stress 
through adaptive laboratory evolution, with a furfural 
tolerance level of 3.0 g/L. Luo et al. [12] introduced the 
irrE gene from radiation-resistant bacteria into brewing 
yeast to generate a mutant with furfural tolerance at 
2.0 g/L. Huang et al. [13] obtained a Z. mobilis mutant 
tolerant to 3.0 g/L furfural through PCR-based whole-
genome recombination. However, the concentration of 
aldehydes in lignocellulosic hydrolysate ranges from 
2.0 to 5.9  g/L [10]. At present, the industry is relying 
on increasing the tolerance of microorganisms to 
toxic compounds, but existing methods are limited 
in their capacity to improve resistance. Therefore, a 
new strategy is urgently needed to develop mutant 
microbial strains that can tolerate high concentrations 
of hazardous chemicals while efficiently converting 
ethanol.

Ionizing radiation is a potential solution because of its 
wide mutation spectrum and high mutation efficiency 
[14]. Mutant strains obtained via ionizing radiation are 
better able to withstand the adverse effects of dangerous 
substances [15, 16]. Hence, multi-round progressive 
radiation based on ionizing radiation was recently 
developed as a novel form of microbial breeding. A 
notable advantage of the technique is the ability to 

screen for different targets in each round, thus enhancing 
comprehensive performance and overall species quality 
[17]. The wild-type (WT) strain is first irradiated to 
obtain a mutant with target traits that is then used as 
the strain for the next round of irradiation. Multi-round 
progressive radiation is now widely applied in microbial 
breeding [17]. For example, irradiating Clostridium 
tyrobutyrate with two rounds of carbon ion beams 
yielded a mutant that produced more organic acids under 
extremely acidic environmental stress [18]. One round of 
nitrogen ion beam implantation was sufficient to obtain 
an S. cerevisiae mutant with a high biomass and ethanol 
fermentation ability, and six rounds screened out a heat-
resistant mutant with the characteristics of high biomass, 
high ethanol fermentation ability, and high-temperature 
resistance [19]. Finally, five rounds of low-energy 
nitrogen ion irradiation of an attenuator Bacillus resulted 
in a mutant with propylamine tolerance and a 2.54-fold 
increase in the  EC50 value [20]. In summary, multiple 
rounds of progressive radiation can enhance a variety of 
desired traits. However, progressive radiation still has 
many shortcomings as applied to microbial breeding, 
including random and non-directional mutations, the 
heavy workload involved in screening, and the inability to 
accurately locate target mutants.

One way to address these shortcomings is through 
adaptive laboratory evolution (ALE), also known as 
evolutionary engineering. This concept takes advantage 
of phenotypic plasticity and flexibility in response to 
adverse environmental conditions (such as ethanol, high 
sugar, toxic compounds, and other stressors) [21–24]. 
In most environments, mutants are generally neutral, 
and when non-neutral mutations occur, they tend to be 
harmful rather than beneficial. However, during ALE, 
selected microorganisms are continuously cultured 
under specific stress conditions to produce improved 
phenotypes [25, 26]. Experiments using this method have 
successfully eliminated harmful mutations and increased 
beneficial mutations in the new population [27], 
including single nucleotide polymorphisms (SNPs) and 
small-scale DNA insertions and deletions (InDels) [28, 
29]. This selective pressure eventually leads to directional 
evolution that improves a strain’s characteristics, 
generating mutants with a high growth rate, high lipid 
content, tolerance to toxic compounds, or the ability to 
survive under extreme environmental conditions [30]. 
Other ALE experiments have successfully selected for 
the strains most suitable for further breeding that are 
rich in favorable new mutations [31]. Research focusing 
specifically on ethanol resistance [22] have used ALE to 
obtain mutants with a higher specific growth rate and 
specific ethanol production rate than WT under ethanol 
stress. Finally, ALE studies aiming to increase the ethanol 
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yield of xylose fermentation strains [23, 24] were able 
to increase both the xylose utilization rate by 1.65-fold 
[24] and the ethanol yield by 22.9% [23]. While these 
enhancements are promising, deriving high-performance 
strains with ALE is time-intensive, and the new strains 
often lack genetic stability. This requires researchers to 
combine ALE with innovative approaches and advanced 
technologies, such as radiation mutagenesis breeding 
[32] and high-throughput screening [33], to decouple 
beneficial mutations, thereby reducing the potential 
drawbacks of laboratory evolution experiments.

In this study, multiple rounds of progressive X-ray 
irradiation were combined with ALE to efficiently breed 
a dominant mutant of S. cerevisiae that can tolerate high-
concentration furfural stress. The genetic information 
of the obtained positive mutants was revealed through 
multi-omics joint analysis, and new genes related to 
furfural toxicity were identified. The results of this study 
provide a new strategy to breed S. cerevisiae mutants 
with greater lignocellulose utilization efficiency and a 
larger ethanol yield. An improved S. cerevisiae strain is 
a valuable solution to the issues of energy security and 
global warming.

Results
Screening of furfural‑resistant mutants using multi‑round 
X‑ray progressive radiation plus ALE
Four mutants (SCF-R1, SCF-R2, SCF-R3, and SCF-R4) 
and one WT strain (SCF-R0) were obtained. SCF-R1, 
SCF-R2, SCF-R3, and SCF-R4 tolerated 4.0, 4.2, 4.4, and 
4.5  g/L furfural, respectively, whereas SCF-R0 tolerated 
only 3.5 g/L furfural. Next, the growth stability of these 
five strains was tested under furfural stress for five 
consecutive generations. The four mutants exhibited 
strong growth stability, with their furfural stress tolerance 
ranked in the following order: SCF-R4 > SCF-R3 > SCF-
R2 > SCF-R1 (Fig. 1). In contrast, SCF-R0 degenerated by 
the fourth generation, and its growth stability was poor.

Growth performance of mutant strains under furfural 
stress
In solid yeast extract peptone dextrose (YPD) medium 
containing furfural, mutant SCF-R4 was better able to 
tolerate furfural stress than the other three mutants, 
while all four mutants tolerated furfural stress better than 
the WT strain (Fig. 2a). In the YPD medium containing 
3.5 g/L furfural, mutant SCF-R4 had an  OD600 = 0.279 at 
48 h, and a growth rate that was 1.45, 1.53, 1.56, and 2.18 
times faster than the growth rates of mutants SCF-R3, 
SCF-R2, SCF-R1, and WT SCF-R0, respectively (Fig. 2b). 
After being under stress for 36 h, mutant SCF-R4 began 
to grow, while the other mutants remained in the lag 
stage for another 12  h; the WT strain had a far longer 

lag time of 72 h (twice the duration of SCF-R4) (Fig. 2b). 
The specific growth rates of SCF-R4, SCF-R3, SCF-R2, 
and SCF-R1 were 0.036, 0.017, 0.012, and 0.011   h−1, 
respectively, whereas the WT growth rate was 0.004  h−1. 
In summary, the SCF-R4 mutant, obtained after the 
fourth round of irradiation, was the least affected by 
furfural toxicity.

Intracellular malondialdehyde and mitochondrial 
membrane potential of mutant strains after furfural stress
After 3 h of furfural stress, the malondialdehyde (MDA) 
content increased significantly from the levels at 0  h in 
all five strains (four mutants and WT; Fig. 3a), indicating 
the occurrence of lipid peroxidation. Specifically, the 
WT MDA content was 95.20  nmol/mg, which was 
1.94, 1.69, 1.55, and 1.27 times higher than the MDA 
content of SCF-R4, SCF-R3, SCF-R2, and SCF-R1, 
respectively. Therefore, the four mutants had stronger 
lipid peroxidation resistance than the wild-type; the 
mutant SCF-R4 had an MDA content of 49.11 nmol/mg, 
significantly lower than those of the other mutants and 
the WT strain, indicating its superior performance in 
alleviating oxidative stress damage.

The mitochondrial membrane potential (MMP) change 
trend of all five strains after furfural stress for 0 h were 
identical, but at 3 h, the MMP began to shift downward 
(Fig.  3b, c). Notably, the WT strain exhibited stronger 
change than the four mutant strains, indicating that the 

Fig. 1 Evaluation of the growth stability of the strains. WT: wild-type 
strain; SCF-R0: strain screened by adaptive laboratory evolution; 
SCF-R1: mutant strain obtained by the first round of radiation 
plus furfural domestication; SCF-R2: mutant strain obtained 
by the second round of radiation and furfural domestication; SCF-R3: 
mutant strain obtained by the third round of radiation plus furfural 
domestication; SCF-R4: mutant strain obtained by the fourth 
round of radiation plus furfural domestication. The results shown are 
the average of the three experiments
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mutants had an advantage in maintaining MMP stability 
under furfural stress (Fig. 3c).

Intracellular reactive oxygen species in mutant strains 
after furfural stress
In solid YPD medium containing 1.0  mmol/L hydrogen 
peroxide, the mutant strains grew better than WT, while 
mutant SCF-R4 was superior to mutants SCF-R3, SCF-
R2, and SCF-R1 (Fig.  4a). Additionally, the results of 
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) 

evaluation (Fig. 4b, c) showed that 3 h of furfural stress 
increased reactive oxygen species (ROS) in all five strains 
during cell growth (Fig. 4c).

A second peak was observed in the − 100 to 100 range 
(Fig.  4c), indicating that furfural stress was sufficient to 
damage the internal cellular structure and cause cell 
death. Therefore, the number of cells was counted during 
this interval. After 3  h of furfural stress, the WT death 
rate was 48.70%, whereas the death rates of mutants 
SCF-R1, SCF-R2, SCF-R3, and SCF-R4 were 23.40%, 

Fig. 2 Performance of the Saccharomyces cerevisiae mutant strains and WT strain tolerant to high-concentration furfural stress. A The furfural 
tolerance of the four mutant strains and WT strain was observed by plate dot; B growth curves of the mutant and wild-type strains in YPD medium 
containing 3.5 g/L furfural. The results shown are the average of the three experiments. WT, wild-type; YPD, yeast extract peptone dextrose

Fig. 3 Changes in the intracellular MDA and mitochondrial membrane potential of four mutant strains and the WT strain under furfural stress. 
a Intracellular MDA content of the four mutant strains and WT strain under furfural stress at 0 and 3 h (the results shown are the average 
of the three experiments); b and c changes in the intracellular MMP of four mutant strains and the WT strain under furfural stress at 0 and 3 h. MDA, 
malondialdehyde; WT, wild-type; MMP, mitochondrial membrane potential
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20.80%, 18.1%, and 12.60%, respectively (Fig.  4d). The 
difference between WT and the mutants was significant, 
and mutant SCF-R4 had the fewest dead cells among 
all the mutants. Overall, SCF-R4 was significantly more 
resistant to furfural-induced oxidative damage than WT 
or the other mutant strains.

Transcriptome profiles after furfural stress
Transcription profiles from three untreated and three 
furfural-treated cell samples. A total of 2156 differentially 
expressed genes (DEGs) (1110 up-regulated and 1046 
down-regulated) (Fig.  5a) were identified and subjected 

to Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis, with the following thresholds: 
enrichment factor ≥ 2 and q-value ≤ 0.01 (Fig.  5c, 
d). The results revealed that after furfural stress, 89 
up-regulated DEGs were enriched in the ribosomal 
pathway and 51 were enriched in eukaryotic ribosomal 
biogenesis, suggesting an important role of ribosomes. 
Furthermore, 23 DEGs were enriched in the RNA 
polymerase pathway. Among the down-regulated genes, 
261 DEGs were related to various metabolic pathways, 
12 to autophagy pathways, 17 to longevity regulation, 28 
to yeast phagocytosis, and 16 to peroxisome pathways. 

Fig. 4 Analysis of changes in ROS in Saccharomyces cerevisiae cells under furfural stress via flow cytometry. a The growth ability of the four mutant 
strains and WT strain under 1.0 mmol/L hydrogen peroxide stress; b and c change in the ROS in the cells of the four mutant strains and WT strain 
under furfural stress at 0 and 3 h; d the proportion of dead cells in the four mutant strains and WT strain under furfural stress for 3 h. The results 
shown are the average of the three experiments. ROS, reactive oxygen species; WT, wild-type
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Fig. 5 Analysis of the transcriptome data of Saccharomyces cerevisiae under furfural stress. a Volcanic map of differentially expressed genes; b DEG 
statistics in each pathway; c and d KEGG enrichment map of up-regulated and down-regulated genes under furfural stress. DEG, differentially 
expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes
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Thus, furfural stress appears to inhibit these pathways in 
S. cerevisiae (Fig. 5b).

A total of 140 up-regulated genes and 300 down-
regulated genes that met the threshold conditions were 
identified in these pathways. After furfural addition, 
genes related to ribosome synthesis were up-regulated, 
and 20 genes related to ribosome function were within 
the threshold (Schedule 1). Moreover, 50 genes (|log2 
(fold change) ≥ 2| and false discovery rate ≤ 0.01) were 
related to carbohydrate metabolism after furfural stress 
(Schedule 2), suggesting that the ability of S. cerevisiae to 
utilize carbon sources decreased under furfural stress.

Whole genome resequencing data of mutant strains
To clarify the mechanism underlying improved 
furfural tolerance, the whole genomes of the four 
mutant strains were resequenced for comparison with 
the WT genome. The lack of spontaneous mutations 
was verified by subjecting the WT strain to the same 
number of subcultures and the same conditions as the 
mutant strains. SCF-R1, SCF-R2, SCF-R3, and SCF-R4 
had 41, 45, 36, and 37 SNPs, respectively, as well as 177, 
155, 158, and 187 InDels (Fig.  6a), totaling 218, 200, 
194, and 224 mutation sites. The mutation frequencies 
per site of SCF-R1, SCF-R2, SCF-R3, and SCF-R4 were 

Fig. 6 Analysis of mutant genome data. a Statistics of various mutation types; b conversion and transversion ratio of single base substitution; 
c chromosome distribution of four furfural-resistant mutants and genomic mutations; the change from one base sequence (a) to another base 
sequence (b) is represented by a–b; d statistics of mutation sites
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1.82 ×  10−5, 1.67 ×  10−5, 1.62 ×  10−5, and 1.87 ×  10−5, 
respectively.

The calculated potential spontaneous mutation 
frequency was 1.75 ×  10−9 [34], and the spontaneous 
mutation frequency of small InDels per passage was 
much lower than the actual mutation frequency in the 
mutant nuclear genome. Additionally, the treatment-
induced mutation rates were dominant to the 
spontaneous mutation rates. The base conversion and 
base transversion ratios of mutant strains SCF-R1, SCF-
R2, SCF-R3, and SCF-R4 were 0.464, 0.194, 0.167, and 
0.129, respectively, all less than 1 (Fig.  6b). Generally, 
Ti/Tv < 1 [35] in induced mutations, consistent with the 
findings of this study. As the radiation time increased, Ti/
Tv gradually decreased, further demonstrating that the 
mutation sites in the mutant strains originated from the 
treatment and not from spontaneous mutation.

In total, 419 mutation sites (Fig.  6c) were identified, 
distributed across 17 chromosomes of S. cerevisiae 
(Fig. 6d). The InDels were mainly 1–2 bp, although larger 
InDels were also present, including a 29-bp insertion 
in mutant SCF-R1, as well as 45- and 97-bp deletions; a 
45-bp insertion in SCF-R2; and a 45-bp insertion in SCF-
R3, along with 15- and 36-bp deletions (Table 1).

Combined genome‑wide and transcriptome analysis
Analysis of genome-wide resequencing data yielded 419 
mutation sites, mostly caused by X-ray treatment. Not 
all of them were related to furfural tolerance. Thus, the 
genome-wide and transcriptome data were combined, 
and 32 mutation sites related to furfural tolerance were 

screened from 419 mutation sites. The results of KEGG 
annotation classified the 32 mutation sites into three 
categories: transcription and translation pathways (10 
sites, Schedule 3); cell function (five sites, Schedule 4); 
and cell metabolism (17 sites, Schedule 5). Among the five 
mutation sites related to cell function, HXT1 and TPK3 
expression changed under furfural stress. Among the 17 
mutation sites related to cell metabolism, PDC6, MAE1, 
ZWF1, GAL7, and TDA10 are involved in carbohydrate 
metabolism, OLE1 is related to lipid metabolism, and 
LAT1 regulates energy production and conversion. The 
other major genes included GND2 and ZWF1, which 
participate in carbohydrate metabolism and other 
amino acid metabolism, ACO2, which participates in 
cofactor/vitamin metabolism and cell growth/death, 
TDA10, which participates in carbohydrate, amino acid, 
and lipid metabolism, and ALD5, which participates in 
carbohydrate, amino acid, lipid, cofactor, and vitamin 
metabolism (Table 2).

Analysis of RT‑qPCR results
The 32 mutation sites related to furfural tolerance were 
either SNPs or InDels induced by X-ray radiation plus 
ALE (Fig. 7a). RT-qPCR was used to verify the mutation 
sites of GAL7, MAE1, PDC6, TDA10, SOL4, HXT1, 
TPK3, ACO2, AUS1, ALD5, LAT1, and GND2. Nine of 
these genes, GAL7, MAE1, PDC6, TDA10, SOL4, HXT1, 
TPK3, AUS1, and ALD5, were all up-regulated under 
furfural stress (Fig. 7b). In particular, the gene encoding 
pyruvate decarboxylase (PDC6) was up-regulated 
ninefold compared to its WT levels. PDC6 participates in 

Table 1 Statistics of insertion and deletion fragment length

Insertion Deletion

SCF‑R1 SCF‑R2 SCF‑R3 SCF‑R4 SCF‑R1 SCF‑R2 SCF‑R3 SCF‑R4

1 bp 41 28 45 44 76 72 75 82

2 bp 9 9 6 7 39 36 25 44

3 bp 0 1 1 0 4 5 2 6

4 bp 1 1 1 2 0 0 1 0

5 bp 0 0 0 0 0 0 0 1

6 bp 1 0 0 0 0 0 0 0

7 bp 1 0 0 0 0 0 0 0

8 bp 0 1 0 1 0 0 1 0

9 bp 0 0 0 0 0 0 0 0

10 bp 1 0 0 0 0 0 0 0

15 bp 0 0 0 0 0 0 1 0

29 bp 1 0 0 0 0 0 0 0

36 bp 0 0 0 0 1 1 1 0

45 bp 1 1 1 0 0 0 0 0

97 bp 1 0 0 0 0 0 0 0
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the catabolism of aromatic acid, alanine, and tryptophan, 
and is related to ethanol formation [36]. Additionally, 
GAL7 expression (encoding galactose) increased fivefold, 
while TPK3, a gene involved in regulating mitochondrial 
ROS production, increased fourfold [37]. The expression 
of AUS1, a plasma membrane ATP-binding cassette 
transporter in S. cerevisiae that participates in sterol 
input, also increased fourfold [38].

The increased expression of these mutation sites under 
furfural stress indicated that they are involved in the 
mechanism underlying furfural tolerance. A network 
diagram of these genes confirmed that their interaction 
improved furfural resistance in S. cerevisiae (Fig. 7c).

Evaluation of fermentation performance of mutant strains 
and the WT strain under furfural stress
The fermentation abilities of the four mutant strains were 
compared with WT after adding 3.5  g/L furfural to the 
fermentation medium (Fig.  8). Glucose consumption 
did not differ between the five strains after furfural 
stress for 24  h and 48  h, indicating that the cells were 
arrested during this period (Fig.  8a). However, after 
48  h, the glucose consumption rate of the four mutant 
strains accelerated. After 72 h, the glucose consumption 
of mutant SCF-R4 was 1.16, 1.11, and 1.08 times that of 
SCF-R1, SCF-R2, and SCF-R3, respectively, as well as 
1.9 times that of WT. Thus, SCF-R4 exhibited enhanced 
carbon utilization under furfural stress.

Simultaneously, ethanol production was measured 
across the five strains after 24, 48, 72, and 96  h under 
furfural stress (Fig.  8b). After fermenting for 96  h in 
a fermentation broth containing 200  g/L glucose, the 
ethanol production of mutant SCF-R4 was 80.7 g/L, while 

the ethanol production of SCF-R3, SCF-R2, SCF-R1, 
and WT were 78.4, 76.5, 73.5, and 43.3 g/L, respectively. 
Thus, SCF-R4 had 1.10, 1.06, 1.03, and 1.86 times the 
yield of SCF-R1, SCF-R2, SCF-R3, and WT, respectively.

Discussion
Enhancing the tolerance of brewing yeast to inhibitors 
in lignocellulosic hydrolysates is crucial for ethanol bio-
production. In this study, a new strategy was developed to 
cultivate mutant strains of brewing yeast with increased 
tolerance to high furfural stress. Ionizing radiation was 
utilized to enhance genetic diversity in strains, then ALE 
was used under furfural stress conditions to screen for 
mutants with improved furfural tolerance. As previous 
research has shown, combining ionizing radiation with 
ALE can yield satisfactory breeding outcomes. Liu et al. 
[39] combined ALE and atmospheric room temperature 
plasma, enhancing the probiotic characteristics of 
Bacillus coagulans. Kato et  al. [40] used carbon ion 
radiation and ALE to obtain mutants with 7% tolerance to 
salt stress. Wu et al. [41] used nitrogen ions and gamma 
rays in combination with ALE, significantly improving 
the substrate tolerance, biomass, and menadione yield 
of the target strain. In this study, four mutants that were 
resistant to high concentrations of furfural, named SCF-
R1, SCF-R2, SCF-R3, and SCF-R4, were obtained through 
the proposed breeding strategy. These mutants exhibited 
furfural tolerance at concentrations of 4.0, 4.2, 4.4, and 
4.5  g/L, respectively. By conducting physiological and 
biochemical analyses, subcellular structure examinations, 
RNA-seq, and whole-genome resequencing on the four 
mutant strains, insights into the mechanisms associated 
with their improved furfural tolerance were obtained.

Table 2 Mutation sites related to the improvement of furfural tolerance of S. cerevisiae 

System name Standard name FPKM log2FC Description

YOR341W RPA190 140.83 1.58 RNA polymerase A

YJR063W RPA12 229.45 4.64 RNA polymerase I subunit A12.2

YNL112W DBP2 1399.74 4.67 ATP-dependent RNA helicase

YHR094C HXT1 237.18 3.35 Low-affinity glucose transporter

YKL166C TPK3 75.28 1.76 cAMP-dependent protein kinase catalytic subunit

YGR087C PDC6 0.97 2.12 Minor isoform of pyruvate decarboxylase

YKL029C MAE1 118.05 2.60 Mitochondrial malic enzyme

YNL241C ZWF1 155.20 −1.35 Glucose-6-phosphate dehydrogenase

YBR018C GAL7 2.40 −2.08 Galactose-1-phosphate uridyl transferase

YGR205W TDA10 20.11 −2.75 ATP-binding protein

YGL055W OLE1 1916.41 1.99 Delta(9) fatty acid desaturase

YNL071W LAT1 4.82 2.39 Dihydrolipoamide acetyltransferase component

YER073W ALD5 190.66 3.85 Mitochondrial aldehyde dehydrogenase

YGR256W GND2 3.82 −2.69 6-Phosphogluconate dehydrogenase

YGR248W SOL4 14.40 4.25 6-Phosphogluconolactonase
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The growth and fermentation performance of four 
mutant strains were studied in the presence of 3.5  g/L 
furfural; the growth performance of the four mutant 
strains was superior to that of the WT strain. Moreover, 
the mutant strain SCF-R4 had a lag phase of 36 h, while 
the WT strain had a lag phase of 60  h, demonstrating 
that the mutation significantly shortened the lag phase 
associated with furfural toxicity [42]. In the presence 
of 3.5  g/L furfural, after 96  h of fermentation, the 
four mutant strains consumed over 92% of the initial 
glucose, while the WT strain only consumed 64.67%, 
indicating that the four mutant strains utilized glucose 
at a faster rate [11]. Furthermore, the ethanol yield of 
the four mutant strains after 96  h of fermentation was 

significantly higher than that of the WT strain, with the 
mutant strain SCF-R4 producing ethanol at 1.86 times 
the yield of the WT strain, greatly increasing ethanol 
production under furfural stress. Compared to the WT 
strain, the four mutant strains showed improved furfural 
tolerance, demonstrating better growth performance and 
higher fermentation efficiency.

The enhancement of furfural tolerance in the mutant 
strains may be associated with changes in subcellular 
structure or function. Previous studies have shown 
that furfural toxicity destroys cell membrane integrity, 
resulting in mitochondrial dysfunction and ROS 
accumulation [7]. In this study, the four mutant strains 
had significantly lower MDA content than the WT strain 

Fig. 7 Verification and analysis of mutation sites related to improving the furfural tolerance of Saccharomyces cerevisiae. a Mutation sequence 
characteristics of mutation sites; b fluorescence quantitative PCR verification results of the mutation sites; c interaction network diagram 
of the mutation sites. The fluorescence quantitative PCR results are the average of three experiments. PCR, polymerase chain reaction
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under furfural stress. The intracellular MDA content of 
mutant SCF-R4 was particularly low, indicating that 
longer radiation times appeared to have selected for 
stronger cell membranes, resulting in mutant strains 
that tolerated higher furfural stress. Change in the MMP 
is a key index for evaluating mitochondrial functional 
integrity [43–46]. Furfural stress can decrease the MMP 
of S. cerevisiae and increase mitochondrial membrane 
permeability, leading to mitochondrial function loss and 
cell death [7, 47, 48]. In line with existing research, the 
MMP of the four mutant strains in this study did not 
decrease significantly under furfural stress, whereas the 
WT MMP did, implying that mitochondrial function was 
important for S. cerevisiae to resist furfural toxicity and 
maintain cell function.

In addition to loss of mitochondrial function, 
furfural stress causes excessive ROS accumulation that 
eventually results in DNA and protein damage, as well 
as programmed cell death [7, 49, 50]. The ROS content 
of the WT was significantly higher than that of the four 
mutant strains under furfural stress, consistent with 
previous research [12]. The findings of this study indicate 
that the four mutant strains were either able to limit ROS 
accumulation or possessed ROS-scavenging capacity. 
The latter is mainly mediated by SOD1, SOD2, CTT1, 
and GSH1 [51–53]. However, comparative analysis of 
transcriptome data after furfural stress showed that these 
genes were down-regulated. Therefore, in this study, the 
mutant strains may alleviate furfural-induced oxidative 
stress injury by limiting ROS production rather than 
through ROS scavenging [37].

The four mutants exhibited shorter lag periods than 
the WT strain under furfural stress, while also having 
high activity. This was particularly noticeable for mutant 
strain SCF-R4. This pattern corroborates the intracellular 

ROS data obtained in this study. Overall, it is speculated 
that the improvement of cell membrane integrity, stable 
mitochondrial function, and the ability to limit ROS 
production are the primary reasons for the elevated 
tolerance to high furfural concentrations.

The enhancement of furfural tolerance in the mutant 
strains is closely related to changes at the genetic level. 
Ionizing radiation greatly increases genetic diversity 
through single nucleotide mutations, changes in genome 
copy number, gene amplification, rearrangement, and 
deletions [54]. In this study, the mutants had numerous 
mutation sites, including SNPs and some small InDels. 
Notably, the base conversion and transversion ratios 
of SCF-R1, SCF-R2, SCF-R3, and SCF-R4 were 0.464, 
0.194, 0.167, and 0.129, respectively. Previous studies 
have shown that the Ti/Tv from ionizing radiation is 
0.746 [35], the Ti/Tv from spontaneous mutation is 1.12 
[55], and the Ti/Tv from chemical mutation is < 1 [56]. 
Hence, for the furfural-tolerant mutants in this study, 
Ti/Tv gradually decreased with increasing radiation 
duration, indicating that the transformation frequency 
was higher than the transversion frequency. In addition, 
ionizing radiation can induce double-strand breaks and 
cluster damage in cells [57, 58], theoretically leading 
to a structural variant (SV). However, few studies are 
available on large SVs in mutant strains induced by 
ionizing radiation or other mutagens, likely because most 
DNA damage can be repaired by DNA damage response 
pathways [59, 60], and large SVs are difficult to pass on to 
offspring [61, 62]. As a result, the main mutation types 
in most mutant genomes are SNPs and small InDels, 
and the ratio of large InDels to SNPs is very low [63]. 
Interestingly, however, numerous large InDels were 
found in the four mutant strains in this study (e.g., 6, 7, 
10, 29, 45, and 97-bp insertions and 36-bp deletions). The 

Fig. 8 Comparison of the ethanol production ability between four mutant strains tolerant to high furfural stress and the WT strain. a The ability 
of four mutant strains and the WT strain to utilize glucose at 3.5 g/L furfural; b the ethanol production by four mutant strains and the WT strain 
at 3.5 g/L furfural. The results shown are the average of three experiments. WT, wild-type
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mutation sites of these large fragments were traced in 
the transcriptome after furfural stress. They were found 
to be enriched in transcription/translation pathways, 
encoding the formation of mutant cytoplasm proteins 
with unknown functions. Therefore, large InDels may 
be a special molecular mechanism resulting from the 
proposed procedure of multi-round X-ray progressive 
radiation plus ALE.

To further understand the detailed genetic mechanism 
of furfural tolerance, 32 relevant mutations were 
screened, and they were found to be related to cell 
metabolism, transcription, translation, and cell function. 
Therefore, it is speculated that the mutations induced 
via the proposed strategy enhanced the function of 
these specific genes, and the resultant physiological 
changes improved the furfural tolerance of the yeast cells. 
Verification with RT-qPCR confirmed this hypothesis. For 
example, research on the galactose/glucose-metabolism 
gene GAL7 [64] suggests that yeast cells accelerate 
carbon source transport under furfural stress, providing 
energy for cells to resist furfural-related damage [65]. 
MAE1 encodes the malic enzyme, a mitochondrial 
enzyme that can convert malic acid into pyruvate [66] 
and produce NADPH, which can reduce furfural to 
furfuryl alcohol [67]. Likewise, PDC6 encodes pyruvate 
decarboxylase, which participates in the catabolism of 
aromatic acids, alanine, and tryptophan, while also being 
related to ethanol formation in S. cerevisiae [36, 67]. This 
link could explain why the ethanol production of the four 
mutant strains was higher than that of the WT under 
furfural stress. HXT1 encodes a glucose transporter 
[68] that accelerates glucose movement and promotes 
ATP formation in cells, both of which are beneficial to 
growth in high furfural concentrations. AUS1 encodes 
an ATP-based plasma membrane sterol transporter that 
incorporates sterols into the plasma membrane to form 
ergosterol [38]. This major component of microbial 
cells is critical to ensuring cell membrane integrity, 
membrane-bound enzyme activity, membrane fluidity, 
cell viability, and material transportation. The addition 
of exogenous ergosterol under furfural stress shortened 
the lag period of S. cerevisiae by 50%, increased ethanol 
production by 158%, decreased intracellular ROS by 
53%, and decreased cell membrane porosity [69]. Finally, 
TPK3 encodes a cAMP-dependent protein kinase that 
regulates mitochondrial biogenesis [37]. The cAMP 
signaling pathway is closely related to mitochondria 
content. In particular, Tpk3p-induced cAMP-dependent 
phosphorylation regulates respiratory chain complexes 
related to the ROS production rate; thus, when Tpk3p 
is highly expressed, the mitochondrial ROS content 
decreases [70]. Therefore, it is suspected that TPK3 
mutation and up-regulation may limit mitochondrial 

ROS production, significantly lowering oxidative stress in 
mutant strains and benefiting furfural tolerance.

Conclusions
This study proposes that multiple rounds of X-ray 
progressive radiation combined with ALE is an efficient 
strategy to produce desired mutant strains. Using this 
strategy, four significantly improved furfural-tolerant 
brewing yeast mutants, SCF-R1, SCF-R2, SCF-R3, 
and SCF-R4, were selected through four rounds of 
processing. The mechanism of furfural tolerance 
was also identified. Specifically, the mutants are able 
to improve their cell membrane integrity, stabilize 
mitochondrial function, and limit ROS production 
under furfural stress to enhance furfural tolerance. 
Transcriptome and genome-wide analysis revealed that 
the four mutant strains had numerous mutation sites, 
mostly comprising InDels, suggesting that this form of 
mutation may be a mechanism for rapidly adjusting to 
adverse environments. Furthermore, 32 mutation sites 
(genes) related to the improvement of furfural tolerance 
in S. cerevisiae were screened. The identification of 
these genes will benefit future investigations of the 
genetic mechanism of furfural tolerance. In conclusion, 
this work provides valuable insight on the evolution 
of furfural stress tolerance in S. cerevisiae and offers 
empirical evidence of the proposed method’s feasibility. 
The ability to rapidly breed new toxicity-tolerant strains 
with applications in biofuels should greatly aid in the 
development of sustainable energy.

Limitations, policy implications, and future 
prospects

(1) The current study has the following limitations:
a. Technical challenges: The use of multi-round 
gradual X-ray radiation combined with adaptive 
laboratory evolution to screen for yeast mutant 
strains tolerant to furfural stress may face limitations 
owing to the complexity of the technical operations 
involved and cost constraints.
b. Validation of mutation sites: Exploring mutation 
sites related to the enhancement of furfural 
tolerance in yeast mutants may be restricted by 
technical means, requiring more precise gene editing 
technology to accurately identify relevant sites.
c. Experimental verification: Research results need 
to be validated in actual industrial production 
environments to ensure the feasibility and 
effectiveness of translation into practical applications.
(2) Policy implications:
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The research findings provide theoretical support for 
improving the furfural tolerance of yeast strains, further 
driving the development of second-generation bioethanol 
production from lignocellulosic biomass.

(3) Future prospects:
a. Further optimization of experimental protocols 
and technical methods can enhance the efficiency 
and accuracy of screening yeast mutant strains 
tolerant to furfural stress, expanding the depth and 
breadth of this research.
b. By integrating emerging bioinformatics 
technologies, the in-depth exploration of combined 
transcriptome and genome mining can be conducted 
to discover more potential mutation sites related to 
improving furfural tolerance in yeast, accelerating the 
translation and application of research findings.
c. By aligning with industry demands, exploring the 
potential applications of research findings in actual 
production settings can drive the transformation 
of scientific research outcomes into industrial 
applications, promoting technological innovation 
and industrial development in relevant fields.

Methods
Original strain culture
S. cerevisiae S288c was selected as the starting strain. 
Fresh medium was prepared by mixing 2% agar with solid 
YPD medium (2% glucose, 2% peptone, and 1% yeast 
extract). Frozen S. cerevisiae cells were inoculated in 
fresh YPD medium, cultured at 30 °C and 200 rpm until 

the  OD600 was 0.6–0.8 (logarithmic growth period), and 
then transferred twice to obtain high-viability strains.

Radiation treatment and ALE
Cell suspensions of high-viability strains were inoculated 
into 33-mm culture dishes, and sample thickness was 
controlled to approximately 2.5  mm. The samples 
were irradiated at a dose of 120  Gy [71], then repaired 
at 10  mL YPD for 6–10  h. Rehabilitated strains were 
inoculated in fresh YPD medium containing 2.0  g/L 
furfural at 4% inoculum and acclimated using an 
ALE gradient. Specifically, this procedure involved 
transferring surviving yeast cells at the logarithmic 
growth stage to fresh YPD medium containing a higher 
furfural concentration, then transferring them ten more 
times within 72 h until the  OD600 < 0.2, when acclimation 
ended. Re-irradiation was then performed, and the 
process was repeated (Fig. 9).

Growth and fermentation in furfural culture
The WT and four mutant strains were inoculated into 
fresh YPD medium (100  mL) until they reached the 
logarithmic phase (identical  OD600 values). Next, they 
were cultured in YPD medium containing 3.5 g/L furfural 
at 4% inoculum, under conditions of 200 rpm and 30 ℃. 
Their growth curves were drawn after measuring OD 
values at 600  nm every 12  h. The five strains were also 
inoculated into a fermentation medium (20% glucose, 
2% peptone, 1% yeast) containing 3.5 g/L furfural at 8% 
inoculum. The ethanol and residual sugar content were 
determined at 24, 48, 72, and 96  h. Three biological 
repeats were performed per sample.

Fig. 9 Schematic diagram of multiple rounds of progressive X-ray radiation combined with ALE
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Measuring MDA, MMP, and ROS in furfural culture
For the stress experiments, 3.5  g/L furfural was added 
to WT and mutant strains at the logarithmic stage. Cells 
were centrifuged after 0 and 3  h of stress, then washed 
with ice-cold phosphate-buffered saline (PBS). After 
obtaining the crude enzyme solution through lysis, it 
was placed on ice and the thiobarbituric acid reagent 
from the Solarbio MDA assay kit was used to determine 
the cellular MDA content [72]. Determining the MDA 
is a common method for measuring lipid peroxidation 
[59]. Intracellular levels of ROS were measured with 
the DCFH-DA probe in an ROS detection kit (Solarbio, 
Beijing, China) and the MMP was measured using 
Rhodamine 123 [73, 74]. Each sample was subjected to 
three biological repeats.

RNA extraction and transcriptome sequencing
When exposed to high concentrations of furfural for a 
short period, yeast may quickly initiate stress response 
mechanisms, leading to changes in gene expression levels. 
Transcriptomic sequencing analysis can better elucidate 
the gene expression regulation patterns associated with 
early responses to furfural stress. Therefore, after 2 h of 
stress treatment with 30 g/L furfural, three S. cerevisiae 
samples at the logarithmic stage were washed twice 
with PBS, frozen in liquid nitrogen, and transferred to 
an ultra-low temperature refrigerator. Total RNA was 
obtained using an RNA extraction and purification kit 
(Sangon Biotech) [75], quantified using a Nanodrop 2000, 
and visualized with agarose gel electrophoresis using 
an Agilent 2100 instrument. Total RNA  (OD260/280 > 1.8 
and  OD260/230 > 2.0) were used for sequencing. Gene-
expression fold changes between the stress and control 
groups were calculated based on three fragments per 
kilobase million values per gene [76]. The detection 
thresholds of DEGs were q-value ≤ 0.01 and fold 
change ≥ 2. Corresponding p values were also determined 
[75].

Genome‑wide analysis and RT‑qPCR verification
The four mutant strains and one WT strain underwent 
five successive subcultures. Cells were collected at 
the logarithmic phase  (OD600: 0.6–0.8) for total DNA 
extraction using the E.Z.N.A Yeast DNA Extraction Kit 
[77]. Whole genome sequencing was performed using an 
Illumina HiSeq™ X10. After cleaning, the sequenced data 
were compared with the reference genome using BWA 
(http:// bio- bwa. sourc eforge. net/ bwa. shtml, v0.7.15) and 
SAMtools (http:// www. htslib. org/ workfl ow/# mappi ng_ 
to_ varia nt, v1.3.1). Next, functional analysis on SNPs 
and InDels was performed to obtain mutation sites 
related to furfural tolerance; the results were verified 
with RT-qPCR [75]. Primers were designed in Primer3 

(http:// frodo. wi. mit. edu/). Total RNA extraction and 
quality control followed the procedures described in 
Sect.  2.5. Complementary DNA was synthesized using 
the FastKing gDNA Dispelling RT SuperMix kit, and the 
cDNA copy number was quantified using the Rotor-Gene 
Q2plex system with the SYBR Green PCR kit.

Statistics
Data were analyzed in Origin 2018, GraphPad Prism 8, 
and SPSS 17.0 (SPSS Inc, Chicago, IL). The latter was 
specifically used for one-way random-effects analysis 
of variance and the least significant difference test. 
Significance was set at p < 0.05. Each experiment was 
conducted independently at least three times.
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