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Abstract 

In bioethanol production, the main by-product, 5-hydroxymethylfurfural (HMF), significantly hinders microbial fer-
mentation. Therefore, it is crucial to explore genes related to HMF tolerance in Saccharomyces cerevisiae for enhancing 
the tolerance of ethanol fermentation strains. A comprehensive analysis was conducted using genome-wide dele-
tion library scanning and SGAtools, resulting in the identification of 294 genes associated with HMF tolerance in S. 
cerevisiae. Further KEGG and GO enrichment analysis revealed the involvement of genes OCA1 and SIW14 in the pro-
tein phosphorylation pathway, underscoring their role in HMF tolerance. Spot test validation and subcellular structure 
observation demonstrated that, following a 3-h treatment with 60 mM HMF, the SIW14 gene knockout strain exhib-
ited a 12.68% increase in cells with abnormal endoplasmic reticulum (ER) and a 22.41% increase in the accumulation 
of reactive oxygen species compared to the BY4741 strain. These findings indicate that the SIW14 gene contributes 
to the protection of the ER structure within the cell and facilitates the clearance of reactive oxygen species, thereby 
confirming its significance as a key gene for HMF tolerance in S. cerevisiae.
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Background
With the depletion of oil resources and growing concern 
over environmental problems, biomass resources are now 
the green channel to realize the transition of oil resources 
(a likely substitute for traditional fossil fuels) [1]. The 
first-generation biomass fuel is generated from sugar, 
starch, vegetable oil and other raw materials, whose mass 
production will exert pressure on the food supply. The 
second generation of biomass fuel is produced from main 
raw materials such as wood waste, crop residues, specific 
energy crops and other lignocellulose [2], bringing about 
a reduction in the crop consumption and a brighter out-
look for its development. Lignocellulosic biomass is the 
most abundant and sustainable resource on the earth so 
it has been widely used to produce biofuels, biochemical 
reagents and food additives through microbial fermenta-
tion [3–5]. However, lignocellulosic biomass needs to be 
pre-treated to produce monosaccharides for microbial 
fermentation. Among various pretreatment methods, 
although dilute acid hydrolysis is the simplest, fastest and 
most cost-saving method., it is inevitably accompanied 
by the production of inhibitors, which seriously retard 
the growth and fermentation of subsequent microbial 
cells [6]. 5-hydroxymethylfurfural (HMF) is one of the 
most representative furan inhibitors in lignocellulosic 
hydrolysates. There have been substantial efforts devoted 
to study on the tolerance mechanism of microorganisms 
to HMF in terms of cell morphology, oxidative stress, 
protein response, gene response and REDOX balance 
where HMF was found not only to change the morphol-
ogy of cells and organelles but also cause accumulation 
of intracellular reactive oxygen species, which induced 
significant changes in cells from gene expression to tran-
scription to protein translation as well as disruption of 
intracellular redox homeostasis [7, 8]. Microbial toler-
ance to HMF is related to the restoration or adjustment 
of intracellular REDOX balance. The faster the microor-
ganisms can recover or readjust the REDOX balance to 
the presence of HMF, the more tolerant the microorgan-
isms to it will be [6]. And some studies have found that 
microorganisms can detoxify HMF by degrading it into 
low-toxic substances. For example, under aerobic culture 
conditions, Bacillus pasteuri, Bacillus megaterium, Bacil-
lus cereus, Bacillus subtilis, and Bacillus SPP. can convert 
HMF into low-toxicity 2-furanoic acid and 5-hydroxym-
ethyl-2-furanoic acid (HMFCA) to varying degrees [9]. 
However, the current research on HMF tolerance mecha-
nisms is not sufficient, so the specific mechanisms need 
to be further explored.

S. cerevisiae, the simplest model eukaryote, had its 
genome sequenced 20  years ago [10]. Based on its 
genome sequence, scientists have annotated 5,907 poten-
tial protein-coding genes and 425 potential RNA genes. 

Most of these genes or Open Reading frame (ORFs) 
protein functions have been confirmed [11]. It can be 
said that S. cerevisiae is the best classic model organ-
ism to study genetic interactions. To study the function 
of genes, scientists constructed a library of non-essential 
genes (about 4,400) knock-out [12], a temperature-sensi-
tive library of essential genes (about 1,000) [13], a library 
of overexpression of genes (more than 5,000) [14], and 
a library of green fluorescent tags of genes (more than 
5,000) of S. cerevisiae [15]. Based on S. cerevisiae library 
screening technology, key genes in the library can be 
identified by visual phenotyping. Gorsich et  al. treated 
the knock-out library of non-essential genes in S. cerevi-
siae with furfural, and screened out 62 genes related to 
furfural tolerance [16]. In order to systematically study 
the functional interactions between the genes, Boone 
et  al. developed synthetic gene array analysis (SGA) by 
crossing yeast single mutant strains with gene knock-
out library, which can automatically isolate yeast double 
mutants [17]. The interaction between genes is deter-
mined by the death and slow growth of double mutants, 
facilitating large-scale mapping of genetic interactions. 
Hill et  al. isolated Metacaspase, a caspase homologue, 
using the SGA technique and demonstrated that Meta-
caspase is associated with lifespan control [18]. Hanzen 
et al. found that REDOX protein Tsa1 screened by SGA 
technology can recruit molecular partners to misfolded 
proteins to achieve lifespan control [19]. Studies on the 
mechanism of 5-hydroxymethylfurfural tolerance using 
SGA technology have not been reported previously.

Therefore, this experiment exposed S. cerevisiae whole-
gene knockout strains (about 4000 strains) to HMF, a 
representative inhibitor of furans, dissected the effect 
of inhibitor on the growth of each strain utilizing SGA-
tools, and completed the statistical analysis of tolerance 
and sensitivity of knockout strains. Our study screened 
out the key genes related to HMF tolerance and selected 
some for verification. These efforts are likely to serve as 
reference and guidance for the transformation of highly 
tolerant S. cerevisiae strains.

Materials and methods
The non-essential gene knock-out strain bank of S. cer-
evisiae used in this experiment was donated by Professor 
Beidong Liu of University of Gothenburg, Sweden [20]. 
5-hydroxymethylfurfural (abbreviation: HMF) was pur-
chased from Sigma, yeast extraction powder, Geneticin 
(G418) from Thermo Scientific, DMSO from Solarbio, 
agar, peptone, glucose, ethanol, sodium chloride and 
other reagents were purchased from Chengdu Vanke Co., 
LTD.

Among all the fluorescent staining agents used in the 
study, 2′7’-dichlorofluorescein diacetate was purchased 
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from Sigma, Diaminophenylindole (DAPI) from San-
gon Biotech (Shanghai) Co., Ltd, Mito Tracker Green 
FM, Yeast Vacuole Membrane Marker MDY-64 and ER-
Tracker Red dye from Thermo Scientific.

HMF concentration screening
To prepare the YPD liquid medium, combine 1% yeast 
extract powder, 2% peptone, and 2% glucose. However, 
for the solid medium, an additional 2% agar was added. 
YPD + G418 medium: Add G418 (final concentration 
100 mg/L) to YPD medium. Before the spot test, streak 
strains (knock out strains) on YPD + G418 plate and 
obtain single colonies after culture, which were inocu-
lated into 30 mL YPD + G418 liquid medium in a 100 mL 
triangular bottles. After being cultured at 30 ℃ on a lab 
rotary shaker at 200 r/min for 18–24 h, sample or cell or 
Cell Cultures were obtained. And used to conduct spot 
test experiment where the growth curve of the liquid cul-
ture was determined after observation and photo-taking.

In the spot test, the cell density concentration  (OD600) 
of the yeast culture above was uniformly calibrated to 
0.5, and then a tenfold serial dilution was carried out to 
obtain a series of yeast solution of decreasing concentra-
tions. 5 uL of diluted yeast solution was pipetted onto 
YPD + G418 solid medium containing different concen-
trations of HMF using a cascade pipette. After 3 to 4 days 
of culture, observation and photography were taken.

In the liquid culture experiment, the cell density 
concentration  (OD600) of the cultured yeast solution 
above was uniformly calibrated as 0.25 and added into 
YPD + G418 liquid medium containing different concen-
trations of HMF. Spectrophotometer was used to meas-
ure the cell concentration at 6 h, 12 h, 18 h, 24 h, 36 h and 
48 h, respectively and generated a growth curve.

Screening of HMF tolerant or sensitive knockout strains
Knockout strains with genes related to HMF tolerance 
were selected from the non-essential gene knockout 
strain bank (about 4,000 strains), and arranged in 384-for-
mat on 384-well cell culture plates. Next, the strains from 
the 384-well frozen cutting board were copied onto the 
YPD + G418 ager plate using a 384-pinning Singer rotor. 
Four copies of the knockout strains were grown on the 
YPD + G418 ager plate. After incubation, the strains on 
the plate were replicated in a new YPD + G418 plate con-
taining 60  mM HMF. Incubating for two days, we took 
high-definition pictures of the tablet and used SGAtools 
(http:// sgato ols. ccbr. utoro nto. ca/) to evaluate the growth 
of individual strains with HMF treatment [21]. The score 
for each strain was calculated based on standard strain 
BY4741 colony size for control. According to the growth 
status, HMF-tolerant (The colony was smaller than the 
control) or sensitive (The colony was larger than the 

control) knockout strains were screened, and knockout 
genes with score ≥ 0.2 or ≤ -0.2 obtained from the HMF 
tolerance or sensitivity screening were selected as candi-
date tolerance or sensitivity genes. The score screening 
criteria have refered to previous studies [20]. When the 
score value was ≥ 0.2, the corresponding knockout gene 
of the knockout strain is a sensitive gene, and the strain 
will be more tolerant to HMF after the knockout of this 
type of gene. If the score value is ≤ -0.2, the correspond-
ing knockout gene of the knockout strains is a tolerance 
gene, after the knockout of this type of gene, the strain 
will be less tolerant to HMF. Finally, KEGG and GO 
enrichment analysis were conducted on the above candi-
date genes using Cytoscape software [22].

Verification of HMF tolerant or sensitive gene knockout 
strains
Activated yeast solution of the original strain BY4741 and 
the gene knockout strain were spotted onto YPD + G418 
ager plate containing 60 mM HMF and no HMF at cer-
tain concentrations, respectively and their growth were 
monitored and their photos were taken for comparative 
analysis.

For observation and verification of subcellular struc-
ture, the original strain BY4741 (CK) and the candidate 
gene knockout strain were first cultured 20  h (Yeast 
cells in a stable state, Figure S1) at 30 ℃ and 200 r/min 
in YPD + G418 liquid medium (cells of 0 h were collected 
here). The original strain BY4741 and the gene knockout 
strain which had been cultured overnight were incubated 
in YPD + G418 liquid medium containing 60  mM HMF 
 (OD600 = 0.8), followed by cultivation at 30 ℃ and 200 r/
min for 3 h (cells of 3 h were collected here). The 0 h and 
3 h yeast solution were inserted into 1.5 mL centrifugal 
tube  (OD600 = 1.0), respectively. The dyes 2′7’-DCFdi-
acetate, Mito Tracker Green FM, Vacuole Membrane 
Marker MDY-64, diamino phenylindole (DAPI), and 
ER-Tracker Red were added into centrifuged yeast solu-
tion (the dyes were thawed in advance), and subcellular 
observation of Reactive Oxygen Species (ROS) accumu-
lation, chromatin disturbance, mitochondrial membrane 
damage, endoplasmic reticulum damage and vacuolar 
membrane damage were conducted using a fluorescence 
microscope equipped with DIC, GFP, Rhod and DAPI fil-
ters, and the percentage of their different morphologies 
were calculated [23–25].

Result
Inhibitor concentration screening
In this experiment, HMF, the representative inhibitor of 
furans, was selected to screen out genes related to sen-
sitivity and tolerance to HMF, a byproduct of lignocel-
lulosic hydrolysis. Since high throughput screening was 

http://sgatools.ccbr.utoronto.ca/
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used to identify inhibitor tolerant or sensitive knockout 
strains, the optimal inhibitor concentration must be 
used. In the spot test assay, the optimal concentration of 
inhibitors was S. cerevisiae with semi-inhibition, that is, 
the number of recovered colonies in the medium con-
taining inhibitors was only half of that in the medium 
without inhibitors. The optimal inhibitory concentration 
in liquid medium makes the growth retardation period 
twice as long as that without inhibitor. Therefore, four 
HMF concentration gradients were set with reference to 
previous studies [26]., and the growth of strain BY4741 
at these concentrations was measured to determine the 
optimal concentration. The number of recovered colo-
nies at a concentration of 60 mM HMF was half that at 
a concentration of 0  mM HMF, and only approximately 
one-fourth of the colonies resumed growth when con-
centration was increased to 70 mM and 80 mM (Fig. 1A). 
In YPD liquid medium containing different concentra-
tions of HMF, the doubling time is extended 10 h at the 
concentration of 60  mM HMF whereas when exposed 
to HMF at 70 mM and 80 mM the cells were so severely 
inhibited that they didn’t start growing until 2 days later 

(Fig. 1B). Accordingly, 60 mM HMF was selected as the 
optimal screening concentration for non-essential gene 
knockout library in this study.

Whole gene knockout library screening of HMF
Singer Rotor was used to replicate about 4000 S. cerevi-
siae gene knockout strains for 4 replicates in 384-format, 
resulting in 1536-format. The strains in the 1536-format 
were incubated on culture plates containing HMF at 30 
℃ for 48  h and then photographed (Fig.  2). The com-
parison of control and experimental plates showed that 
the inhibitors caused weakness or lethality (i.e., sensi-
tivity) in knockout strains, and the corresponding genes 
of these strains were tolerance-related candidate genes. 
Taking SGA-V2-2 culture plates as an example, Rvs161Δ 
(RVS161 knockout strain) and Pat1Δ (PAT1 knockout 
strain) were significantly inhibited in the 30 mM FF treat-
ment group compared with the control group (Fig. 2). By 
SGAtool analysis, the score of Rvs161Δ and Pat1Δ strains 
were -0.93 and -0.44, respectively. The colony size of 
these sensitive deletion mutants was significantly smaller 
than that of the control group, indicating that 60  mM 

Fig. 1 Spot test (A) and growth curve (B) of BY4741 at different HMF concentrations
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HMF had a significant inhibitory effect on them. Screen-
ing under other inhibitor conditions was performed as 
above. Finally, screening was completed for fourteen 
1536-format colonies (about 4,000 gene deletion strains) 
on YPD + G418 agar plates containing 60  mM HMF. 
After the images of the control and experimental plates 
were collected, they were uploaded to the SGAtools web-
site for quantification analysis (Fig.  2). Screening score 
set to ≥ 0.2 or ≤ -0.2, 202 candidate sensitive knockout 
strains and 92 candidate tolerant knockout strains were 
found with the presence of inhibitors HMF at 60  mM 
(Table S1).

Then, KEGG and GO enrichment analysis were car-
ried out to analyze the sensitive and tolerant genes using 
Cytoscape software [22]. The sensitive genes were mainly 
concentrated in cytoplasmic sac, peroxidase tissue and 
S-adenosine methionine-dependent methyltransferase 
pathways (Fig.  3A). Tolerance-related genes are mainly 
concentrated in membrane fluidity, IN0-80 type per-
fection, intracellular transport regulation and protein 
phosphorylation (Fig.  3B). Due to the large number of 
related pathways, this study mainly focus on related 
genes in protein phosphorylation modification pathways. 

As illustrated in Table  1, there are two tolerance genes 
enriched in the protein phosphorylation pathway: OCA1 
and SIW14, with screening score of -0.31 and -0.42, 
respectively. Both OCA1 and SIW14 genes are associated 
with protein tyrosine phosphatase activity, phosphopro-
tein phosphatase activity, peptidyl tyrosine dephospho-
rylation, and protein dephosphorylation (Fig. 3C) [22].

Tolerance gene verification experiment
Two genes, OCA1 and SIW14, were enriched by KEGG 
and GO in the protein phosphorylation modification 
pathway. By observing BY4741 standard strain (CK), 
Oca1Δ (OCA1 knockout strain) and Siw14Δ (SIW14 
knockout strain) through spot test. It was found that the 
performance of Siw14Δ showed the greatest difference 
from that of the original strain BY4741. BY4741 (CK), 
Oca1Δ and Siw14Δ were diluted at a certain concentra-
tion gradient, and were then spotted on solid medium 
YPD + G418 without HMF and YPD + G418 containing 
60  mM HMF, respectively (Fig.  4). Each strain under-
went three replicates, and a tenfold serial dilution was 
performed to establish five distinct cell concentrations 
for each strain. When cultivated on YPD + G418 solid 

Fig. 2 Technical route of sensitivity analysis of whole-genome knockout strains under HMF
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medium, all three strains exhibited similar growth, sug-
gesting no significant differences among their growth 
(Fig. 4). When cultured simultaneously in YPD + G418 
containing 60  mM HMF, both BY4741 and Oca1Δ 
exhibited a similar pattern, with approximately two-
fifths of their colonies resuming growth, indicating no 
significant difference between the two strains (Fig.  4). 
In contrast, Siw14Δ exhibited significantly fewer colo-
nies recovering growth compared to BY4741 (Fig. 4). It 

was obvious that Siw14Δ is less tolerant to HMF, so fur-
ther validation of SIW14 gene will follow.

Reactive Oxygen species
There are two different morphologies presented with 
and without reactive oxygen species in the cells: when 
reactive oxygen species accumulated in the cells, cells 
stained with 2′7’-DCF diacetate showed fluorescence sig-
nals of reactive oxygen species (Fig. 5A). Cells containing 

Fig. 3 Enrichment map of KEGG and GO genes for tolerance or sensitivity to HMF in S. cerevisiae species. (A) Enrichment of related genes sensitive 
to HMF in S. cerevisiae BY4741. (B) Enrichment of HMF-tolerant genes in S. cerevisiae BY4741. (C) Protein phosphorylation modification pathway in S. 
cerevisiae BY4741 shows tolerance to HMF related genes

Table 1 Key genes related to HMF tolerance by protein phosphorylation pathway

Note (Note): AO Array ORF, AN Array Name, NC size Normalized colony size, NC std. Normalized colony std. dev., EX Experiment, CN Control

AN AO NC size (EX) NC std. (EX) NC size (CN) NC std. (CN) Score Score stdev p-Value

OCA1 YNL099C 0.78 0.01 1.09 0.03 -0.31 0.01 0.00

SIW14 YNL032W 0.72 0.02 1.12 0.12 -0.42 0.02 0.00
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Fig. 4 Spot test verification

Fig. 5 Reactive oxygen species accumulation in S. cerevisiae. (A) Accumulation of reactive oxygen species in cells. (B) The proportion of cells 
at 0 mM HMF that contained reactive oxygen species after treatment for 0 and 3 h. 2′7’-DCF diacetate (top column): reactive oxygen species 
indicator dye. DIC (down column): differential interference microscope. Negative: no signal; Positive: there is a signal. *** p < 0.001 indicates 
significant differences. The data represent aver-ages of three experiments. At least 100 cells were examined on each bright-field image(Figure S2, S3)
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reactive oxygen were 22.48% and 22.26%, respectively, 
after 0 h and 3 h HMF treatment, the unnoticeable gap 
indicating that BY4741 standard strain (CK) was able to 
fully metabolize reactive oxygen (Fig. 5B). However, 22% 
and 44.67% of cells with Siw14Δ (SIW14 knockout strain) 
were positive for reactive oxygen species at 0 h and 3 h, 
respectively (Fig.  5B), indicating that the knockout of 
SIW14 gene impaired the ability of the strain to metabo-
lize reactive oxygen species and caused its accumulation 
in cells.

Mitochondria
Two different morphologies of mitochondria were 
observed under HMF stress by fluorescence microscopy 
(Fig.  6A). The percentage of cells with mitochondrial 
damage at 0  h and 3  h of standard strain BY4741 (CK) 
stood at 8.39% and 10.95% (slightly higher), respectively 
(Fig.  6B). The percentage of cells with mitochondrial 
damage at 0 h and 3 h of Siw14Δ (SIW14 knockout strain) 
was 10.43% and10%, respectively (Fig.  6B). In conclu-
sion, HMF slightly damages the mitochondrial structure 
of standard strain BY4741, but does not affect the mito-
chondrial structure of Siw14Δ.

Endoplasmic reticulum
Based on previous research [24], we classified the struc-
tural morphology of the endoplasmic reticulum in liv-
ing cells into two categories, normal and abnormal 
(Fig. 7A). The percentage of cells with ER damage at 0 h 
was 11.3% for standard strain BY4741 (CK) and 11.12% 

for Siw14Δ (SIW14 knockout strain), and the damage 
ratios were basically the same (Fig.  7B). However, after 
3 h HMF treatment, the percentage of cells with ER dam-
age increased in both strains, 17.32% in BY4741 and 30% 
in Siw14Δ, the latter significant higher than the former 
(Fig. 7B). It can be seen that HMF disrupts the structure 
of the endoplasmic reticulum, and has a more adverse 
effect on Siw14Δ.

Vacuoles
Two different vacuole morphologies were observed in 
this experiment, a single large vacuole and more than one 
fragmented vacuole (Fig. 8A). After 3 h HMF treatment, 
the structure of intracellular vacuoles saw no remarkable 
change in both strains. The percentage of cells with vacu-
ole damage in standard strain BY4741 (CK) was 20.59% 
and 20.10% at 0  h and 3  h, and that in Siw14Δ (SIW14 
knockout strain) was 18.33% and 22%, respectively 
(Fig.  8B). In summary, the effect of HMF on the struc-
ture of intracellular vacuoles was not significant after the 
knockout of SIW14 gene.

Chromatin
The normal chromatin structure in the cell is small 
and dense, while cells with severe chromatin damage 
become necrotic and the entire cell is stained blue, 
indicating abnormal function of the cell (Fig. 9A). The 
percentage of BY4741 and Siw14Δ (SIW14 knockout 
strain) containing abnormal cells at 0 h and 3 h—1.17% 
and 1.66% for the standard strain BY4741 (CK) was, 

Fig. 6 Mitochondrial morphological changes in S. cerevisiae. (A) Different morphology of mitochondria in cells. (B) The proportion of cells at 0 mM 
and 60 mM HMF that displayed abnormal mitochondria after treatment for 0 and 3 h. Mito Tracker Green FM: the mitochondria-specific dye. DIC: 
differential interference microscope. ** p < 0.01 indicates significant differences. The data represent averages of three experiments. At least 100 cells 
were examined on each bright-field image(Figure S2, S3)
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and 0.86% and 1.54% for the Siw14Δ, respectively 
(Fig. 9B). It can be seen that the percentage of abnormal 
cells in both BY4741 and Siw14Δ remained low before 
and after HMF treatment, indicating that HMF will not 
destroy the structure of chromatin.

Discussion
In our study, 202 sensitive genes and 92 tolerance genes 
were selected through the whole gene knockout library 
of HMF, and KEGG and GO enrichment analysis were 
carried out on the sensitive and tolerance genes using 

Fig. 7 Morphological changes of endoplasmic reticulum in S. cerevisiae. (A) Different morphologies of the ER in cells. (B) The proportion of cells 
at 0 mM and 60 mM HMF that displayed abnormal endoplasmic reticulum after treatment for 0 and 3 h. ER-Tracker Red dye: Endoplasmic reticulum 
stain. DIC: differential interference microscope. ** p < 0.01, *** p < 0.001 indicates significant differences. The data represent averages of three 
experiments. At least 100 cells were examined on each bright-field image(Figure S2, S3)

Fig. 8 Morphological changes of vacuoles in S. cerevisiae. (A) Different morphology of vacuoles in cells. (B) The proportion of cells at 0 mM 
and 60 mM HMF that displayed abnormal vacuoles after treatment for 0 and 3 h. Vacuole Membrane Marker MDY-64: vacuole dyeing agent. DIC: 
differential interference microscope. Single/large: single large vacuole. > 1/ Small: more than single small vacuole. * p < 0.05 indicates significant 
differences. The data represent averages of three experiments. At least 100 cells were examined on each bright-field image(Figure S2, S3)
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Cytoscape software, respectively. It was found that these 
genes were enriched in multiple pathways, such as mem-
brane fluidity, protein phosphorylation, cytoplasmic sac 
and peroxysome tissue. Ma et al. identified YAP1, PDR1, 
PDR3, RPN4 and HSF1 as key regulatory genes in the tol-
erance of S. cerevisiae to lignocellulose-derived inhibi-
tor HMF through transcriptomic analysis [26]. In this 
study, SGA scan revealed that deletion of YAP1, PDR1 
and PDR3 genes did not change the tolerance of S. cer-
evisiae to HMF. RPN4 gene deletion slightly reduced S. 
cerevisiae’s tolerance to HMF. Given that previous studies 
were conducted only based on transcriptome sequencing 
with results left unverified, the experimental results were 
significantly inaccurate. However, in this study, pheno-
type was used as a guide to analyze HMF tolerance genes 
by SGA scanning, which can fully explore the potential 
genes related to HMF tolerance in S. cerevisiae.

Since they are two furan inhibitors both containing 
aldehyde group and furan ring two major toxic groups, 
HMF and furfural show similar physiological toxicity. 
Therefore, the literature on whole gene knockout library 
with furfural treatment is also reviewed. According to the 
literature, 62 genes in S. cerevisiae were associated with 
furfural tolerance, and these genes were mainly concen-
trated in carbon metabolism, chromatin modification or 
mRNA transport, budding and cytokinesis, cytoskeletal 
function, DNA replication and damage repair pathways 
(e.g., RPE1, EAR7, BUD27, etc.) [16]. Compared with 
the HMF tolerance-related pathways described in this 
paper, it was found that carbon metabolism, chromatin 

modification or mRNA transport, germination and cyto-
plasmic division were common pathways related to fur-
fural and HMF tolerance. However, the genes involved in 
the related pathways still differed greatly. In addition, our 
research found that some specific pathways unrelated to 
furfural tolerance played a role in HMF tolerance such 
as cytoplasmic sac, membrane permeability and protein 
phosphorylation pathways. This suggests that although 
the toxic mechanisms of HMF and furfural are similar, 
their tolerance mechanisms vary in S. cerevisiae.

Phosphorylation is a common post-translational 
modification of proteins that effect the biological 
functions such as protein interaction and intracel-
lular localization [27]. In this study, two new HMF 
tolerance-related genes (OCA1 and SIW14) were dis-
covered, which are involved in the protein phospho-
rylation pathway, and the SIW14 gene was confirmed 
to play a key role in HMF tolerance by dot plate tests. 
Wang et  al. revealed the high activity and exquisite 
specificity of Siw14p, a member of the protein tyrosine 
phosphatase (PTP) superfamily, in the catalysis of the 
5-diphosphate group of inositol pyrophosphate (PP-
InsPs) [27]. PP-InsPs are diffused intracellular signaling 
molecules with unique and crowded arrays of multiple 
phosphates and "highly energetic" di-phosphonates, 
such as InsP6, 5-InsP7, InsP8, etc. Siw14p promotes 
intracellular con-version of 5-InsP7 to InsP6 and InsP8 
to 1-InsP7 and ADP to ATP [27, 28]. Thus, the ab-sence 
of SIW14 leads to a reduction in ATP synthesis dur-
ing oxidative phosphorylation. When ATP is reduced, 

Fig. 9 Morphological changes of chromatin in S. cerevisiae. (A) Different morphologies of chromatin in cells. (B) The proportion of cells at 0 mM 
and 60 mM HMF that displayed abnormal chromatin after treatment for 0 and 3 h. DAPI: DNA specific dye diamino phenylindole. DIC: differential 
interference microscope. * p < 0.05 indicates significant differences. The data represent averages of three experiments. At least 100 cells were 
examined on each bright-field image(Figure S2, S3)
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programmed cell death will be affected resulting in an 
increase and subsequent accumulation of intracellu-
lar ROS in the process [29]. This is consistent with the 
increase in intracellular ROS of SIW14 knockout strain 
under HMF stress in our study.

The endoplasmic reticulum is an organelle that serves 
as the cell’s manufacturing plant where protein misfold-
ing or damage causes accumulation of misfolded or un-
folded proteins, known as endoplasmic reticulum stress 
[24]. In an experiment to observe the structure of the 
ER, it was found that cells containing abnormal ER in 
Siw14Δ (SIW14 knockout strain) increased by two times 
compared with that in BY4741 after 3 h HMF treatment. 
This may be triggered by the destruction of the mem-
brane phospholipid bi-layer of the ER or by the accumu-
lation of unfolded or misfolded proteins in the ER. The 
analysis of reactive oxygen species accumulation revealed 
that excessive accumulation of ROS was highly likely to 
impair lipids, proteins and other biomolecules on the ER 
reticulum, which can culminate in ER reticulum phos-
pholipid layer damage and chronic ER stress [30, 31].

Conclusion
Our study is a frontrunner in using the growth of the 
whole gene knockout library colony of S. cerevisiae as 
the phenotypic guide and clearly identified 202 sensi-
tive genes and 92 tolerance genes related to 5-hydroxy-
methylfurfural tolerance with the help of bioinformatics 
analysis. The HMF tolerance genes OCA1 and SIW14 
on the protein phosphorylation pathway were verified 
by the spot test and the subcellular structure observa-
tion test and SIW14 gene is determined as a key gene for 
5-hydroxymethylfurfural tolerance in S. cerevisiae. This 
discovery not only provides guidance for the later modifi-
cation of S. cerevisiae with higher tolerance but also rep-
resents a significant contribution towards improving the 
fermentation efficiency of bioethanol production from 
lignocellulosic material. In order to further explore the 
tolerance mechanism of S. cerevisiae to 5-hydroxymeth-
ylfurfural, a toxic by-product of lignocellulosic hydro-
lysate, the validation study of remaining sensitivity or 
tolerance genes is required subsequently.
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