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A tolerant strain of NRRL Y-50049 was successfully obtained through 

environmental evolution at a laboratory setting from Saccharomyces 

cerevisiae NRRL Y-12632, a diploid industrial type strain also cataloged as 

ATCC 18824, AWRI74, CCRC 21447, DBVPG 6173, DSM 70449, IFO 10217, 

IGC 4455, JCM 7255, and NCYC 505 by world-wide collection centers. Strain 

Y-50049 is able to in situ detoxify 2-furaldehyde (furfural) and 5-

hydroxymethyl-2-furaldehyde (HMF), major toxic chemicals derived from 

lignocellulose-to-fuels conversion, while producing ethanol. The adapted 

tolerance of Y-50049 is stable and has demonstrated as inheritable 

characteristics over more than a decade. Understanding molecular 

mechanisms underlying the adapted tolerance of Y-50049 will aid 

development of next-generation biocatalysts for low-cost production of 

advanced biofuels and a sustainable bio-based economy.    

Fig. 1. Mode of action. A , B. Cell growth response of NRRL Y-50049 compared with its 

progenitor type strain Saccharomyces cerevisiae NRRL Y-12632 on an YM medium 

without (A) or with treatment (B) of furfural and HMF ; C, D. Dynamic metabolic 

conversion profiles of glucose (), ethanol (), HMF (), FDM (), furfural (▲), and 

FM () in the presence of HMF (C) and furfural (D) for Y-12632 (red and gray) vs Y-

50049 (blue and purple); E. A reverse-phase HPLC chromatogram showing HMF 

detected by UV absorbance at 282 nm at 0 h  and its conversion product of 2,5-

bishydroxymethylfuran (furandimethanol, FDM) at 222 nm. No HMF recovered at 282 

nm 48 h after the incubation with yeast; F. A novel aldehyde reductase gene ARI1 was 

identified as the key gene for the aldehyde reduction and a model of Ari1p showing 

NADPH orientations; G. Conversion pathways of furfural and HMF into FM and FDM 

catalyzed by representative reductases coupled with NADPH and/or NADH [Liu et al. 

2004; 2005; 2008; 2019; Liu and Moon 2009; Bowman et al. 2010; Jordan et al. 2011].

Fig. 2. Key regulatory elements. A. DNA binding sites for seven selective 

transcription factor genes YAP1, YAP5, YAP6, PDR1, PDR3, RPN4, and HSF1 in the 

promoter regions (from -1000 to -1) showing overlapping motifs; B. Significant 

regulatory interactive networks among seven transcription factor genes (filled green 

and green arrows) and induced genes encoding functional reduction enzymes (filled 

blue and blue arrows), PDR gene family (filled orange and orange arrows), and 

proteasome function (filled pink and pink arrows). C. A prototype model showing global 

interactive relationships for key regulatory elements involved in three major functional 

gene categories for the tolerant Y-50049 resistant to furfural and HMF [Ma and Liu 

2010; Liu 2011, 2018].

Fig. 3. Cell wall integrity signaling pathway. An illustration of a more robust 

cell wall integrity signaling pathway of the adapted Y-50049 in response to a 

synergistic challenge of furfural and HMF compared with a haploid laboratory 

model strain BY4741. Function domains of the sensor proteins are depicted 

including the cysteine rich domain, serine/threonine rich region, N-

glycosylated asparagines and the respective residues, transmembrane 

domain, and cytoplasmic tail. Locations of the functional domains of Wsc3p 

are labeled relative to the cell wall and membrane. Relative locations of its 

deduced amino acid mutations are also labeled [Liu et al. 2018].

Fig. 4. In situ detoxification pathway. A fine-tuned in situ

detoxification pathway of the adapted Y-50049 by comparative 

dynamic protein expression analysis showing a unique expression of 

Zwf1 in response to a synergistic challenge of furfural-HMF. The 

outstanding Zwf1 expression appeared to drive the sugar metabolism 

in favor of the irreversible oxidative branch of pentose phosphate 

pathway (PPP). Y-50049 also gained enhanced expression of a 

group of aldehyde reductases that enabled reduction of furfural and 

HMF into FM and FDM, respectively. Such a biotransformation by 

these enzymes consumed NADPH and released NADP+. The 

adapted Zwf1 reaction provided the essential cofactor NADPH for 

reduction of furfural and HMF (red line). In return, the 

biotransformation pathway released NADP+ supplying a smooth 

feedback to the oxidative branch of PPP (green line) that restored the 

cofactor imbalance caused by the toxic chemicals. The distinctly 

activated Hyr1, a redox signaling agent activating key transcription 

factor Yap1, is also presented in red in relationships with 

representative transcription factors at the bottom. 3C-G stands for 

glyceraldehydes 3-phosphate; 3C-P, pyruvate; 4C, erythrose 4-

phosphate; 5C-R, ribose 5-phosphate; 5C-X, xylulose 5-phosphate; 

6C-F, fructose 6-phosphate; 6C-G, glucose 6-phosphate; and 7C, 

sedoheptulose 7-phosphate [Liu et al. 2019].

Fig. 5. Rewired transcription subnetworks. Rewired transcription networks 

showing significant impact of at least 44 downstream metabolic pathways for the 

adapted Y-50049 under challenges of furfural-HMF compared with its progenitor 

Y-12632. Oval nodes represent over- (green) or under- (red) expressed 

transcription factors in Y-50049. Brown edges indicate rewired and blue, 

conserved interactions across strain Y-50049 and its wild type parental strain 

NRRL Y-12632. An edge from a transcription factor to a metabolic pathway box 

denotes a significant interaction from the transcription factor to an enzyme-

encoding gene on the pathway. Brown/Blue edges are statistically significantly 

rewired/conserved interactions across the two strains. All subnetworks before 

joining have adjusted heterogeneity P-value PD ≤ 0.05 [Zhang et al. 2015]. 

Fig. 6. Pathway-based tolerance phenotypes. A. Sulfur amino acid biosynthesis 

superpathway for the adapted Y-50049 showing increased transcription activity of 

important genes involved in sulfate assimilation and various closely related sulfur amino 

acid biosynthesis pathways; B. Enhanced REDOX with enzymatic and non-enzymatic 

defense systems of oxidative stress response for Y-50049 under stress of furfural-HMF. 

F-H ROS stands for furfural-HMF caused reactive oxygen species. Enzymatic defense 

system is boxed in gray and the non-enzymatic defense system in blank. Genes 

showing significantly enhanced expressions are bolded and key genes underlined; C. A 

prototype proposal of adaptive functions for genes involved in cell wall and membrane 

for Y-50049. Adapted candidate tolerant genes are marked in dark green. Transporter 

genes are presented in red and cell wall and membrane related genes in black; D.

Induced gene expressions involved in endogenous and exogenous detoxification related 

to glycolysis-PPP and Erhlich pathway; E.

; F. Transcription 

factor genes with ETB (enhanced transcription background) from Y-50049 showing 

increased overlapping gene expressions that dominated the entire lag phase in 

response to the synergistic challenge of furfural-HMF. Background indicates transcription 

expression at 0 h prior to the furfural-HMF treatment. Early lag phase is defined as 0.5-2 

h and late lag phase as 18-28 h after the furfural-HMF treatment [Liu and Ma 2020].

✓ The industrial yeast is more tolerant than lab model strains and the adapted Y-50049 

demonstrated a more robust cell wall integrity signaling pathway.

✓ The industrial yeast has a plastic genome and can be adapted for long term applications 

that fit into specific ecological environment.

✓ The novel ARI1 is a key gene and the renovated in situ detoxification pathway was the 

center mechanism of the adapted tolerance for Y-50049. 

✓ Activated sulfur amino acid biosynthesis superpathway and enhanced enzymatic and 

non-enzymatic REDOX systems were accountable for the acquired tolerance of Y-50049. 

✓ The yeast adaptation occurred at the genomic level with rewired networks and countless 

cross interactions.

✓ More reliable pathway-based tolerance phenotypes were suggested to replace single 

gene identifications on tolerance investigations. 

✓ z 

Methods
An integrated methodology of systematic biology approach was applied in more than a decade including conventional 

methods and advanced technologies at cellular, molecular and genomic levels, including bioinformatics, transcriptomics, 

phospholipidomics, and proteomics [see related references for details].     
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