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A B S T R A C T   

Pretreatment of lignocellulosic biomass is crucial for the release of biofermentable sugars for biofuels production, 
which could greatly alleviate the burgeoning environment and energy crisis caused by the massive usage of 
traditional fossil fuels. Pyrolysis is a cost-saving pretreatment process that can readily decompose biomass into 
levoglucosan, a promising anhydrosugar; however, many undesired toxic compounds inhibitory to downstream 
microbial fermentation are also generated during the pyrolysis, immensely impeding the bioconversion of 
levoglucosan-containing pyrolysate. Here, we took the first insight into the proteomic responses of a 
levoglucosan-utilizing and ethanol-producing Escherichia coli to three representative biomass-derived inhibitors, 
identifying large amounts of differentially expressed proteins (DEPs) that could guide the downstream metabolic 
engineering for the development of inhibitor-resistant strains. Fifteen up- and eight down-regulated DEPs were 
further identified as the biomarker stress-responsive proteins candidate for cellular tolerance to multiple in-
hibitors. Among these biomarker proteins, YcfR exhibiting the highest expression fold-change level was chosen as 
the target of overexpression to validate proteomics results and develop robust strains with enhanced inhibitor 
tolerance and fermentation performance. Finally, based on four plasmid-borne genes encoding the levoglucosan 
kinase, pyruvate decarboxylase, alcohol dehydrogenase, and protein YcfR, a new recombinant strain E. coli LGE- 
ycfR was successfully created, showing much higher acetic acid-, furfural-, and phenol-tolerance levels compared 
to the control without overexpression of ycfR. The specific growth rate, final cell density, ethanol concentration, 
ethanol productivity, and levoglucosan consumption rate of the recombinant were also remarkably improved. 
From the proteomics-guided metabolic engineering and phenotypic observations, we for the first time corrob-
orated that YcfR is a stress-induced protein responsive to multiple biomass-derived inhibitors, and also developed 
an inhibitors-resistant strain that could produce bioethanol from levoglucosan in the presence of inhibitors of 
relatively high concentration. The newly developed E. coli LGE-ycfR strain that could eliminate the commonly- 
used costly detoxicification processes, is of great potential for the in situ cost-effective bioethanol production 
from the biomass-derived pyrolytic substrates.   

1. Introduction 

Extensive usage of fossil fuels has resulted in a sharp decline in fossil 
reserves and increased emission of greenhouse gases over the past few 
decades. The energy and environmental concerns arising from the 

highly energy-dependent society have thus propelled worldwide 
research towards developing alternative, sustainable, and renewable 
energy sources [1]. Lignocellulosic feedstock is the most scalable alter-
native energy source for second-generation biofuel production [2], 
which could meet our future energy demand in a large part and 
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contribute much to the global goals of carbon emission peaking and 
neutralization. However, unlike crop-based feedstock, lignocellulose is 
not readily available for downstream utilization due to its recalcitrant 
nature. Therefore, complex pretreatment processes involving enzymatic 
hydrolysis, acid-hydrolysis, or pyrolytic cracking are necessary to 
decompose lignocellulosic biomass into fermentable intermediates. 

Among all the pretreatment processes involved in biofuel production 
from lignocellulosic biomass, pyrolysis is one of the competitive path-
ways for biofuel production in cost-effectiveness and ease of operation 
[3]. Pyrolysis of biomass yields bio-oil containing various intermediate 
compounds such as furans, organic acids, aromatic compounds and 
anhydrosugars [4]; therein, levoglucosan is the most abundant and 
promising anhydrosugar substrate for microbial utilization [5]. 
Depending on the raw material used, the sugars and inhibitors in 
lignocellulosic biomass vary in a wide range, with levoglucosan between 
6 and 150 g/L, acetic acid between 1 and 99 g/L, furfural between 1 and 
11 g/L, and phenol between 1 and 7 g/L are most common [5,6]. 
However, naturally existing microorganisms cannot directly ferment 
levoglucosan to biofuels like bioethanol at high yield and productivity 
[5]. Layton et al. [7] and us [8] has genetically engineered E. coli strain 
to directly ferment levoglucosan to ethanol, however, the furans, 
organic acids, and aromatic compounds present in the non-detoxified 
bio-oil inhibited the growth of the bacteria [9,10]. Although many 
physical, chemical, and hybrid detoxification processes have been 
developed to remove the bio-oil inhibitors [9,10], the overall costs are 
considerably elevated by them. Hence, developing robust microbial 
strains capable of in situ bio-detoxification and fermentation of the 
inhibitors-containing bio-oil is highly desirable. 

Previous studies on engineering E. coli for inhibitor resistance mainly 
paid attentions to a single inhibitor [11–13]. Considering that in the 
bio-oil media there are a variety of inhibitors exerting a synergistic effect 
on microbial growth and fermentation, robust engineered strain capable 

of resisting multiple inhibitors need to be developed to overcome the 
limitations of strains resistant to a single inhibitor. For the development 
of genetic engineering strains, reveal of the genes related to the resis-
tance of multiple inhibitors is crucial. Proteomics technique, as a 
powerful tool for evaluating how cells respond to the inhibitors at the 
protein level, could reveal how genes corresponding to the differentially 
expressed proteins (DEPs) could be modified to enhance the cells’ in-
hibitor tolerance, rendering the downstream metabolic engineering 
manipulation feasible [14–18]. 

In this study, we firstly investigated the cellular responses of a 
levoglucosan-utilizing and ethanol-producing E. coli strain at proteomics 
level by culturing the bacteria in the presence of furfural, acetic acid, 
and phenol, both individually and collectively, to identify the underly-
ing proteins (genes) related to inhibitor-resistance. Then based on the 
proteomics results, we further engineered a strain capable of producing 
ethanol from levoglucosan in the presence of biomass-derived inhibitors 
of relatively high levels. The schematic representation of our experi-
mental design and analysis is shown in Fig. 1. To our knowledge, this is 
the first study investigating the cellular responses of the levoglucosan- 
utilizing ethanologenic E. coli strain to the inhibitory conditions, to 
reveal the stress-responsive proteins of the strain and consequently 
develop better microbial strains resisting a wide range of biomass- 
derived inhibitors. 

2. Material and methods 

2.1. Microorganism and culture conditions 

The levoglucosan-utilizing and ethanol-producing E. coli LGE2 pre-
viously engineered by us [8] and the lab-collected E. coli BL21 (DE3) 
were used in this study. Liquid and solid LB medium was used for 
culturing E. coli LGE2. The first-grade seed culture obtained by 

Fig. 1. Schematic diagram of the sampling and analysis experiments adopted in this work.  
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inoculating a single colony into LB medium was further inoculated (1% 
v/v) into levoglucosan-containing M9 minimal medium (7.10 g/L 
Na2HPO4, 3.00 g/L KH2PO4, 0.50 g/L NaCl, 1.00 g/L NH4Cl, 0.49 g/L 
MgSO4, 14.70 mg/L CaCl2, and 10.00 g/L levoglucosan) to obtain the 
second-grade seed culture. Finally, after incubated anaerobically at 
37 ◦C and 150 rpm overnight, the culture with a cell density of ~6.7 ×
108 cells/ml was used for subsequent experiments. Ampicillin and 
chloramphenicol with a final concentration of respective 100 μg/mL and 
34 μg/mL were added into the media mentioned above unless otherwise 
mentioned. 

2.2. Determination of the inhibitory concentrations of the inhibitors 
against cell growth 

The inhibitory effects of the representative inhibitors (acetic acid, 
furfural, and phenol) on cell growth were first determined by adding 
different concentrations of each inhibitor to the autoclaved M9 minimal 
media and LB media individually before inoculation; the media without 
inhibitors were used as control. Cells were grown and sampled at the 
same time intervals. Each cell sample’s optical density was measured 
using a UV spectrophotometer (Unico Instrument Co., Ltd., Shanghai, 
China). Changes in OD600 values were detected to show the effects of 
different inhibitors on cell growth. Increasing concentrations of each 
inhibitor with an increment of 0.05 g/L were added to the culture media 
to determine each inhibitor’s minimum inhibitory concentration (MIC) 
at respective 24-h and 48-h time points. Then E. coli was also grown in 
the presence of combinations of all the inhibitors containing 0.5%– 
100% of the MIC of each inhibitor. Three biological replicates were set 
for each experiment. Based on the results obtained, each inhibitor’s 
appropriate concentration and its combination were used in the next 
steps to prepare samples and perform proteomics analysis. 

2.3. Sample preparation and protein extraction 

The E. coli cells exposed to different inhibitors were harvested at the 
logarithmic growth phase, with an OD600 value of 0.68 ± 0.05 for pro-
teomics analysis. Cells exposed to acetic acid, furfural, phenol, and their 
combination were named A, F, P, and C, respectively, and cells grown in 
the absence of inhibitors were named CK. All the experimental data was 
collected by averaging of triplicate. The harvested cells were collected, 
washed, and finally collected by centrifugation. The collected cell pellets 
were used for protein extraction. 

For protein extraction, the collected cells were first suspended into a 
lysis buffer (8 M Urea, 1 mM EDTA, 1 mM PMSF, 100 mM Tris-HCl, PH 
8.5), followed by ultrasonication on ice for 15 min and centrifugation at 
15,000×g at 4 ◦C for 15 min to remove sediment. The proteins were 
reduced at 35 ◦C for 60 min with 10 mM dithiothreitol and alkylated 
with 50 mM iodoacetamide at room temperature for 40 min in the dark. 
Protein digestion was performed by the FASP (filter aided sample 
preparation) method with trypsin in 100 mM NH4HCO3, and finally the 
peptide concentrations were measured using a NanoDrop 2000 instru-
ment (Thermo Scientific, Wilmington) at an absorbance of A280 nm. 

2.4. High pH reverse phase separation of peptides 

The peptide mixture was resolved in buffer A (20 mM ammonium 
formate in pure water, pH 10.0) and fractionated by high pH reverse 
phase separation using LC-20AB HPLC system (Shimadzu, Japan), with a 
4.6 mm × 150 mm, Gemini-NX 5u C18 110A column (Phenomenex, 
Guangzhou, China) and a linear gradient starting from 5% buffer B to 
80% buffer B in 30 min (buffer B: 20 mM ammonium formate in 100% 
acetonitrile, pH 10.0). The peptide fractions were then collected and 
dried in a vacuum concentrator (Christ RVC 2-25, Christ, Germany) for 
downstream analysis. 

2.5. Spectral library generation 

Data-dependent acquisition (DDA) analysis was performed on a Q 
Exactive HF mass spectrometer (Thermo Fisher Scientific, San Jose, 
California) equipped with an EASY-nLC 1200 system (Thermo Fisher 
Scientific, San Jose, California). About 3 μg of peptides with iRT pep-
tides (Biognosys, Schlieren, Switzerland) were loaded onto a 100 μm 
inner diameter × 2 cm C18 trap column at a maximum pressure of 280 
bar with 12 μL solvent A (0.1% formic acid in water), and then separated 
on a 150 μm ID × 25 cm C18 column (1.9 μm, 120 Å, Dr. Maisch GmbH). 
The gradient with a flow rate of 600 nL/min was 7%–15% solvent B for 
15 min, 15%–30% solvent B for 70 min, 30%–50% solvent B for 25 min, 
and 90% solvent B for 10 min. Data were acquired with full scans (m/z 
300–1400) using an Orbitrap mass analyzer at a mass resolution of 
60,000 at m/z 200. The top 20 precursor ions were selected for frag-
mentation in the high energy collision dissociation cell at a normalized 
collision energy of 28%, and then the fragment ions were transferred 
into the Orbitrap analyzer operating at a resolution of 15,000 at m/z 
200. The automatic gain control (AGC) was set to 3e6 for full MS and 5e4 
for MS/MS, with maximum ion injection times of 80 and 100 ms, 
respectively. Dynamic exclusion was set for 1/2 of peak width (18 s). 

2.6. DIA analysis 

Data-independent acquisition (DIA) was performed using the same 
mass spectrometer and LC system to DDA, with the same column, same 
flow rate, and same buffers. The full scan was set at a resolution of 
60,000 over an m/z range of 350–1400, followed by DIA scans with 
30,000, NCE: 27%, AGC target: 1e6, and maximal injection time: 45 ms. 
Fifty windows were set for DIA acquisition, ranging from 400 to 1200 m/ 
z, using an isolation width of 16 m/z. 

2.7. Data analysis and bioinformatics analysis 

Protein identification and quantification were conducted with the 
Spectronaut pulsar X 12.0 (Biognosys, Boston) with default settings. 
First, the DDA raw files were searched in the Spectronaut pulsar against 
the E. coli BL21 (DE3) UniProt database (http://www.uniprot.org/uni-
prot/) to generate a spectral library using BGS factory settings. Peptides 
FDR was all set as 1%, and the best 3 to 6 fragments per peptide were 
chosen for the spectral library. The iRT calibration R2 was set as 0.8. 
Next, the DIA data were input into the software for protein quantifica-
tion. The main parameter iRT regression type was set as local (non- 
linear) regression. All the results were filtered by a Q value cutoff of 
0.01, corresponding to an FDR of 0.01. Density Estimator was performed 
to estimate p-value, and the peak area was used for quantification. Each 
peptide contained at least three fragment-ions. 

The paired difference test was used to identify DEPs. Proteins with 
log2FC > 1 or < − 1 (FC, fold change) and p-value <0.05 were selected as 
DEPs. Functional enrichment of these DEPs was conducted by KEGG, 
GO, COG, and UniProt analysis. Interaction networks of protein to 
protein and protein to metabolic pathway were constructed and 
analyzed using the String v11.0 [19] and BioGRID v4.2.191 database 
[20]. 

2.8. Plasmid and recombinant strain construction 

The pET-lgk vector (Fig. S1A, Supplementary file 1) carrying the 
Lipomyces starkeyi-derived and codon-optimized lgk gene (GenBank 
Accession: MT219959) and pZBC vector (Fig. S1B, Supplementary file 1) 
carrying the Zymomonas mobilis-derived pyruvate decarboxylase gene 
pdc (GenBank Accession: M15393.2) and alcohol dehydrogenase II gene 
adh (GenBank Accession: M15394.1) constructed by us [8] were used. 
YcfR protein was selected as the target of overexpression owing to its 
highest FC values among all the DEPs. The ycfR gene (GenBank Acces-
sion: NF033776) encoding YcfR was PCR amplified from the genome of 
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E. coli BL21 (DE3) using Phusion Polymerase (New England Biolabs, 
Ipswich, MA) and a pair of primers-forward primer 5′-3′ CGCGGATC-
CATGAAAATCAAAACCAC and reverse primer 5′-3′ CATGAATTCT-
TAACTTTAAGAAGGAGTTATTTGTACAGTTCAG. The underlined 
sequences are restriction enzyme sites, and the bold sequence is the 
ribosome binding site sequence. The ycfR gene was then cloned into the 
pET-lgk vector between the BamHI and EcoRI restriction sites upstream 
of the lgk gene. The obtained vector pET-ycfR-lgk (Fig. S1C, Supple-
mentary file 1) was sequence verified by Sangon Biotech (Shanghai) Co., 

Ltd, and then transformed to E. coli BL21 (DE3) to obtain the primary 
recombinant strain E. coli (pET-ycfR-lgk). The pZBC vector was subse-
quently transformed into the competent E. coli (pET-ycfR-lgk) to obtain 
the final recombinant strain E. coli LGE-ycfR. Expression vectors were 
transformed into E. coli competent cells by electroporation method [8]. 
Transformed cells were resuspended in LB media, recovered at 37 ◦C for 
1 h, and then grown for ~11 h on LB plates with the addition of 
appropriate antibiotics to select the positive transformants. 

Fig. 2. Inhibitory profiles of individual and 
combined inhibitors on the cell growth of 
Escherichia coli LGE2. Panel A1 Cells challenged 
by acetic acid in minimal media. Panel A2 Cells 
challenged by acetic acid in LB media. Panel B1 
Cells challenged by furfural in minimal media. 
Panel B2 Cells challenged by furfural in LB media. 
Panel C1 Cells challenged by phenol in minimal 
media. Panel C2 Cells challenged by phenol in LB 
media. Panel D Cells challenged by combined in-
hibitors in minimal media; the labels CK, C1, C2, 
C3, C4, C5, and C6 at horizontal axis represent 
respective combination of 0%, 25%, 35%. 45%, 
55%, 60%, and 65% of the individual MIC (mini-
mum inhibitory concentration) of each inhibitor. 
Panel E Cells challenged by individual and com-
bined inhibitors at their IC50 levels for 48-h incu-
bation in minimal media; A_IC50, F_IC50, P_IC50, and 
C_IC50 denote the concentrations of acetic acid, 
furfural, phenol, and combined inhibitors inhibiting 
50% of the cell growth with 48-h incubation time, 
respectively; dark dotted line denotes the sampling 
point (OD600 = 0.68 ± 0.05) chosen for further 
proteomics analysis.   
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2.9. Inhibitor tolerance test and ethanol fermentation of the engineered 
strain 

Levoglucosan-based M9 minimal media were used to test the re-
combinant strain’s tolerance to acetic acid, furfural, phenol, and their 
combinations. In contrast, levoglucosan-based M9 minimal media 
without inhibitors were used as a control. The cultures were incubated 
at 30 ◦C and 150 rpm aerobically, with the addition of 0.06 mM iso-
propyl-β-D-thiogalactopyranoside, 100 μg/mL ampicillin, and 34 μg/mL 
chloramphenicol. The recombinant’s cell growth and fermentation 
performance were evaluated under the influence of different concen-
trations of inhibitors to determine the tolerance of the recombinant 
strain. 

2.10. Sampling and analytical method 

Sampling and analysis were carried out according to the method 
described previously [21]. For each sampling point, 5-mL culture media 
were taken to separate the cells and supernatants. After performing 
several sequential wash and centrifugation steps, the harvested cells 
were dried in an oven set at 70 ◦C to determine the cell dry weights. The 
specific growth rate μ was calculated by the formula μ = ln 
(N2/N1)/(t2-t1), where N2 and N1 are the cell dry weights detected in two 
time points t2 and t1, respectively. The clarified supernatants were 
filtered and collected for HPLC analysis. Analyses of levoglucosan, acetic 
acid, and ethanol were performed by a high-performance liquid chro-
matography system (HPLC, LC-20AT, Shimadzu Corp.) described pre-
viously [21]. Furfural and phenol were analyzed by HPLC using C18 
column (250 mm × 4.6 mm, 5 μm particle size, Thermo Scientific Corp.), 
SPD-20A UV detector, and mobile phase of 80% methanol aqueous so-
lution. Three replicate samples were evaluated in each case. All reagents 
used in this study were of analytical grade. 

3. Results 

3.1. Determination of the inhibitory concentrations of single and 
combined inhibitors for E. coli LGE2 cells was fundamental for the 
downstream proteomics analysis 

Dose-response curves for cell growth (OD600) of E. coli LGE2 under 
different concentrations of acetic acid, furfural, and phenol in minimal 
media are shown in Fig. 2. In minimal media, extremely low concen-
trations of the inhibitors showed no apparent effects on cell growth, 
while the cell growth decreased when the inhibitor concentrations 
continuously increased (Fig. 2). Eventually, acetic acid, furfural, and 
phenol completely blocked the cell growth of E. coli LGE2 at their MIC 
levels, namely IC100, are shown in Table 1. The IC50 values indicating the 
cell growth was inhibited by 50% are also shown in Table 1. As a 
comparison, E. coli LGE2 was parallelly grown in LB media added with 
different concentrations of the inhibitors. The corresponding cell growth 
curves and MIC of inhibitors are also presented in Fig. 2A2, 2B2, and 2C2 

and Table 1, which show that in LB media the MIC levels of inhibitors 
was higher than those in minimal media. However, considering minimal 
medium is of minimal interference with the product of interest, less 
prone to batch variations, and more relevant to industrial production 
than nutrient-rich media [22,23], minimal medium was better to be 
used for subsequent proteomic experiments. 

In the sampling strategy, the fundamental thing was to select suitable 
inhibitor concentrations that could inhibit the cell growth to an appro-
priate level but not completely block it. In this respect, IC50 (for 48-h 
incubation time) of each inhibitor for M9 minimal medium, that is, 
1.45 g/L acetic acid, 0.25 g/L furfural, and 1.20 g/L phenol, were 
applied to challenge the cells. Moreover, different combinations of each 
inhibitor’s MIC were also used to challenge the E. coli LGE2 cells. The 
combination of 1.00 g/L acetic acid +0.20 g/L furfural +0.80 g/L 
phenol (~55% of each inhibitor’s individual MIC) resulting in a final cell 
density of 1.13 ± 0.06 (Fig. 2D), was designed as the IC50 of the com-
bined inhibitors. For the subsequent proteomics analysis, E. coli cells 
were strictly harvested at the same growth phase (OD600 ~0.68) to 
guarantee the reliability of the final results (Fig. 2E). Fig. 2E also shows 
that much longer time was required to reach the same density to the 
control culture when challenging by the inhibitors, among which, 
phenol was the most toxic and showed the most severe inhibition when 
each inhibitor was at their corresponding IC50. 

3.2. Proteomic profiling of the inhibitors-exposed E. coli LGE2 

3.2.1. Overview of quantitative proteomics indicated the distribution of 
DEPs in different groups had sameness within the difference 

The proteomic differences of E. coli LGE2 cellular proteins in the 
presence and absence of inhibitors were analyzed by DIA-based quan-
titative proteomics, which exhibited a total of 2749 unique proteins 
corresponding to 268,125 spectra (Sheet S1, Supplementary file 2). 
Using a cutoff of more than 2-fold change (FC) and a p-value less than 
0.05, the numbers of DEPs in all the groups were determined and pre-
sented in Table S1, Supplementary file 1. The intersection number (both 
unique and shared protein number) of the DEPs among all the four 
groups is given in Fig. 3A, while respective 15 and 8 proteins were found 
collectively up-regulated and down-regulated in all the groups (Fig. 3B 
and C). 

To get a deep insight into these DEPs, distribution of Gene Ontology 
(GO) categories, enriched Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways, and Cluster of Orthologous Groups (COG) categories 
of these DEPs were further analyzed. The GO categories are further 
classified into three individual ontologies-biological process, cellular 
component, and molecular function. Most of the DEPs mainly partici-
pated in the metabolic and cellular processes, involved in the cell and 
cell part, and played roles in the catalytic activity and binding function, 
corresponding to the above three ontologies (Figs. S1A–S4A, Supple-
mentary file 1). KEGG pathway analysis showed that the identified DEPs 
were mostly involved in metabolism pathway, environmental informa-
tion processing pathway, and genetic information processing pathway 

Table 1 
Inhibitory concentrations of inhibitors for E. coli LGE2 cultured for respective 24 and 48 h.  

Inhibitor Incubation time (h) Inhibitory concentration (g/L)a Resultant cell density (OD600)b 

For LB media For minimal media For LB media For minimal media 

IC50 IC100 (MIC) IC50 IC100 (MIC) ODIC50 ODIC100 ODIC50 ODIC100 

Acetic acid 24 1.6 2.0 1.4 1.8 1.11 0.09 1.07 0.12 
48 1.8 2.1 1.45 1.8 1.08 0.06 1.03 0.15 

Furfural 24 0.8 1.5 0.2 0.3 0.98 0.08 1.01 0.10 
48 1.2 2.2 0.25 0.4 1.06 0.06 1.12 0.09 

Phenol 24 1.2 1.6 1.1 1.2 0.97 0.07 1.05 0.11 
48 1.3 1.8 1.2 1.4 1.12 0.09 0.94 0.08  

a Abbreviations: IC50 and IC100 denote concentrations inhibiting 50%, and 100% of cell growth, respectively. IC100 = MIC, minimal inhibitory concentration. 
b The cell densities (OD600) in the control for LB media and minimal media were detected as 2.07 and 2.01, respectively. 
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(Figs. S1B–S4B, Supplementary file 1). Functional classification of these 
DEPs conducted by COG analysis showed that these DEPs were mainly 
involved in energy production and conversion; DNA replication, 
recombination, repair, transcription, and RNA translation; amino acid 
transport and metabolism; and carbohydrate transport and metabolism 
and so on (Table S2, Supplementary file 1). 

3.2.2. Total 23 differentially expressed proteins shared by all the inhibitor- 
treated groups were identified as stress-responsive biomarker proteins 

The 15 up-regulated and 8 down-regulated proteins shared by all the 
inhibitor-treated groups, which could be assumed to have roles in the 
inhibitor resistance for the exposed E. coli strain, were of our interest. 
The 15 up-regulated proteins were identified as YcfR (YchN), CyoC, 
EvgS, Ybl185, Sra, YgcE, PhoH, CheA, RbsA, MdtF, KdsC, YtfE, CyoB, 
BetT, and CyoA; 8 down-regulated proteins were identified as YebT, 
SbcB, YfbS, GarL, MurR, AphA, NarJ, and Ea22 (Fig. 4A and Table S2, 
Supplementary file 1). KEGG and COG analysis showed that these shared 
DEPs were mainly involved in signal transduction mechanisms, defense 
mechanisms, and energy production and conversion of E. coli LGE2 
strain (Fig. 4B), in response to the oxidative stress, DNA damage, 
unfolded proteins, osmotic stress, and nutrient starvation, etc. Besides, 
protein-protein interactions analysis (Fig. 4B) of these shared DEPs 
showed that the most abundant interactions were presented by EvgS that 
interacted with the DEPs like Ea22, MdtF, CheA, MurR, and YfbS, fol-
lowed by the protein YfbS that interacted with AphA, KdsC, and EvgS. 
CyoA, CyoB, and CyoC are also mutually connected with each other; 
YcfR and YebT, together with YtfE and NarJ, were another two pairs of 
interactive proteins. The interactions indicate that the DEPs might be 
neighboring, fusion, co-expression, or experimentally-determined 
interactive proteins, etc. 

Of these 15 up-regulated proteins, YcfR showed the highest average 
fold change (FC) value, followed by CyoC and EvgS (Fig. 4A, where the 
FC values were transformed to their respective log-base 2 values). 
Further, in terms of the FC values of the up-regulated DEPs in a specific 
inhibitor-treated group (Fig. 4A), YcfR exhibited the maximal FC value 
in response to the phenol stress, followed by YcfR in response to the 
stress of combined inhibitors and EvgS in response to the acetic acid 
stress. Among the 8 down-regulated proteins, Ea22 showed the highest 
average FC value, followed by NarJ and AphA (Fig. 4A). In terms of the 
FC values of the down-regulated DEPs in the four different groups, Ea22 
in groups A, F, and P exhibited the top three FC values responding to the 
stresses of acetic acid, furfural, and phenol, respectively. These results 
indicate that some DEPs like YcfR with high FC values might be 
important biomarker proteins playing essential roles in helping cells to 
overcome the inhibitory stresses. 

3.3. The engineered strain E. coli LGE-ycfR exhibited improved inhibitor 
tolerance, cell growth, and bioethanol fermentability when challenged with 
inhibitors 

Among the 23 up- and down-regulated proteins deferentially 
expressed in all the inhibitor-treated groups (Fig. 4A), the up-regulated 
protein YcfR showed the highest FC value (144 folds) in response to the 
phenol stress and also showed the second highest FC value (58 folds) in 
response to the stresses of the combined inhibitors. Furthermore, in 
terms of the average FC value, YcfR (56 folds) was also the highest 
among all the groups. Therefore, we selected the YcfR-encoding gene 
ycfR as the target for overexpression in this work. Subsequently, the 
engineered strain E. coli (pET-ycfR-lgk, pZBC) harboring three heterol-
ogous genes lgk, pdc and adh and one overexpressed gene ycfR, named 
E. coli LGE-ycfR, was subjected to minimal media containing various 
concentrations of individual and combined inhibitors. As a result, after a 
48-h incubation, E. coli LGE-ycfR could slightly grow in minimal media 
supplied with respective 3.8 g/L acetic acid, 1.2 g/L furfural, and 2.3 g/L 
phenol with a final cell density (OD600) of 0.21, 0.16, and 0.19, 
respectively, and an increase of 0.1 g/L of these values inhibited the cell 
growth entirely in each case. Thus, we concluded that the MIC (IC100) 
values of acetic acid, furfural, and phenol for E. coli LGE-ycfR were 
improved to 3.9, 1.3, and 2.4 g/L, respectively, increasing by ~117%, 
225%, and 71% compared to the MIC values for the control strain-E. coli 
LGE2. 

Moreover, in the minimal media supplied with 1.45 g/L acetic acid, 
0.25 g/L furfural, and 1.2 g/L phenol, which are the IC50 values of these 

Fig. 3. Numbers of the unique and shared differentially expressed pro-
teins (DEPs) of all the inhibitor-treated groups. Panel A shows the numbers 
of unique and shared up-regulated proteins, and panel B shows the numbers of 
unique and shared down-regulated proteins. These protein numbers are shown 
in an UpSet diagram, allowing for a clearer plotting of large data sets compared 
to the Venn diagram. Dark circles (●) connected with a line indicate that the 
proteins are only differentially expressed in the corresponding group(s) labelled 
with ●, but not in the other groups labelled with ●. For example, the label ① 
denotes the proteins are only differentially expressed in acetic acid treated 
group, while not differentially expressed in the other groups, that is, these 
proteins are unique in acetic acid treated group; ② denotes the proteins are 
differentially expressed in all the groups, that is, these proteins are shared by all 
the groups. Abbreviations A, F, P, and C represent cells treated by acetic acid, 
furfural, phenol, and combined inhibitors of acetic acid, furfural, and phenol, 
respectively. 
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Fig. 4. Heat map (A) and documented interactions (B) of the DEPs shared by all the inhibitor-treated groups. Panel A Rows are colored by the log2 fold- 
changes (FC) of the proteins in inhibitor-treated groups relative to the corresponding proteins in control. Groups A, F, P, and C represent cells treated by acetic 
acid, furfural, phenol, and combined inhibitors, respectively. avg represents the average fold-change of the four groups. The darker the red color, the greater the fold- 
change of up-regulation. The darker the cyan color, the greater the fold-change of down-regulation. Panel B Interactions were obtained based on String 11.0 
database. A greater number of lines associated with the connection, indicates a greater level of confidence in the association. The network nodes are gene names for 
the corresponding biomarker proteins. The edges represent the predicted functional associations. An edge may be drawn with up to 7 differently colored lines - these 
lines represent the existence of the seven types of evidence used in predicting the associations. A red line indicates the presence of fusion evidence; a green line - 
neighborhood evidence; a blue line - coocurrence evidence; a purple line - experimental evidence; a yellow line - textmining evidence; a light blue line - database 
evidence; a dark gray line - coexpression evidence. The black boxes connected with the nodes by black lines exhibited the annotated functional categories of the 
proteins; the others are unannotated proteins in the database. 
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inhibitors for E. coli LGE2, E. coli LGE-ycfR exhibited much better growth 
and fermentability than E. coli LGE2 without the overexpression of ycfR 
gene in all the cases (Fig. 5). After a maximum of 32-h incubation, the 
final cell densities of E. coli LGE-ycfR in each media used (acetic acid 
added media, furfural added media, and phenol added media) were all 
~2.0-folds of the control using E. coli LGE2 (Fig. 5 and Table 1). To 
simplify, the specific growth rate, ethanol concentration, ethanol pro-
ductivity, and levoglucosan consumption rate listed hereafter for com-
parisons were all presented in the order of the values in acetic acid 
added media, furfural added media, and finally phenol added media 

unless otherwise specified. The specific growth rates of E. coli LGE-ycfR, 
as expected, were ~3.0, 2.6 and 2.8-folds of the control, respectively. 
Furthermore, the ethanol concentration, productivity, and levoglucosan 
consumption rates obtained by E. coli LGE-ycfR in all the cases were also 
remarkably improved compared to the values shown by the control. At 
the fermentation endpoint, the ethanol concentrations exhibited by 
E. coli LGE-ycfR in the presence of these three inhibitors were respective 
~2.1, 0.9, and 1.7-folds of the control; the corresponding ethanol pro-
ductivities respective ~2.6, 2.8, and 2.0-folds; and the levoglucosan 
consumption rates respective ~2.4, 3.1, and 2-folds. In addition, the 

Fig. 5. The time-course changes of cell growth, levoglucosan consumption, ethanol production, and inhibitors concentration in the fermentation tests. 
E. coli LGE-ycfR was grown under the IC50 of individual and combined inhibitors identified for the non-overexpression strain E. coli LGE2 (defined as CK). IC50 denotes 
the inhibitor concentration inhibiting 50% of the cell growth obtained by cultures in the absence of inhibitors. Panel A cells were grown in the presence of acetic acid; 
Panel B cells were grown in the presence of furfural; Panel C cells were grown in the presence of phenol; Panel D cells were grown in the presence of combined 
inhibitors; Panel E inhibitors’ concentrations before and after the fermentation. Cell densities YcfR, LG YcfR, and EtOH YcfR, denote the cell density, levoglucosan 
concentration, and ethanol concentration exhibited by E. coli LGE-ycfR, while Cell densities CK, LG CK, and EtOH CK, denote those values exhibited by the non- 
overexpression strain E. coli LGE2. 
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concentrations of inhibitors like acetic acid, furfural, and phenol were 
also detected (Fig. 5E). Acetic acid concentration at the fermentation 
endpoint was slightly higher (0.09 g/L) than the original added con-
centration, possibly due to the acetic acid byproduct production during 
the fermentation. However, furfural was completely removed in the 
fermentation culture, and phenol concentration was slightly (0.07 g/L) 
lower than its original added concentration. 

Finally, E. coli LGE-ycfR was subjected to the fermentation media 
supplied with combined inhibitors of the IC50 values identified for E. coli 
LGE2 (Fig. 5), namely 1.00 g/L acetic acid +0.20 g/L furfural +0.80 g/L 
phenol. The final cell density (OD600), specific growth rate, ethanol 
concentration, ethanol productivity, and levoglucosan consumption rate 
of E. coli LGE-ycfR were improved by ~1.8, 2.5, 2.1, 2.6, and 2.3-folds of 
the control strain E. coli LGE2, respectively. The concentrations of the 
initially added inhibitors-acetic acid and phenol slightly increased and 
decreased by 0.13 and 0.05 g/L, respectively, while furfural was 
completely removed (Fig. 5E); these trends are similar to the above re-
sults presented by single inhibitor treated cells. Thus, our results show 
that overexpression of YcfR, which was revealed by our proteomics 
analysis to be a prominent stress-responsive protein, improved the 
inhibitor-resistance and fermentability of the resultant E. coli LGE-ycfR 
strain that was exposed to the biomass-derived inhibitors. 

4. Discussion 

The release of fermentable sugars from lignocellulosic biomass by 
pretreatment processes like pyrolysis is a crucial step in the biomass- 
based biochemicals and biofuels production industry. However, the 
pretreat procedures produce undesired byproducts like organic acids, 
furans, and phenols which are severely toxic and inhibitory to microbial 
growth and fermentation [24]. Especially, these inhibitors present in the 
biomass-derived liquid always exhibit synergistic effects on the fer-
menting strains rather than functioning independently [4]. Hence, the 
aims of this research were to reveal the proteins (genes) related to 
cellular resistance to multiple biomass-derived inhibitors and then 
develop a recombinant inhibitor-resistant strain to directly produce 
bioethanol from the levoglucosan-based and inhibitors-present media. 

Consistent with the fact the cellular responses (i.e., the visible 
response is the change in cell growth at population level) to the same 
inhibitors are highly dependent on the strains and media used [4,25,26], 
our strain showed different IC50 and MIC values (Table 1). Therefore, 
determining the IC50 and MIC of individual and combined inhibitors is 
crucial for us to design the downstream sampling strategy for subse-
quent proteomics analysis. Further, our DIA-based quantitative proteo-
mic analysis revealed the first insight into proteomics responses of the 
levoglucosan-utilizing and ethanol-producing E. coli strain to the 
representative biomass-derived inhibitors, identifying large amounts of 
DEPs involved in complex pathways and function categories 
(Figs. S1–S4 and Table S2, Supplementary file 1). We compared the 
DEPs presented by the four independent groups treated by individual 
and combined inhibitors, highlighted the universal DEPs shared by all 
the four groups, and consequently provided several inhibitors resistance 
related genes for further genetic manipulations. These universal DEPs 
including 15 up-regulated and 8 down-regulated proteins (Fig. 4A), 
were considered the biomarker proteins involved in cellular responses to 
various inhibitory stresses. E. coli itself induces inhibitor-detoxification 
processes via the regulation of stress-responsive and homeostasis 
mechanisms [27], therefore, regulating the expression of these 
stress-responsive proteins might benefit the biocatalysts to resist the 
inhibitors. 

As a matter of fact, most of the identified biomarker proteins were 
the first time identified to be closely related to the biomass-derived in-
hibitors, although some of them have been reported to be involved in the 
responses to other different environmental stresses in a variety of 
strains. Among the 15 up-regulated biomarker proteins, outer mem-
brane protein YcfR belonging to the YhcN family is a multiple stress 

resistance protein which has been proved to be up-regulated in response 
to heavy metals [28], low pH [29], heat shock [30], sodium salicylate 
[31], and H2O2 treatment [32]. CyoA, CyoB, and CyoC, as three cyto-
chrome bo3 ubiquinol terminal oxidase subunits involved in the aerobic 
respiratory chain of E. coli for proton pumping and electron transfer, was 
reported to be up-regulated in response to low pH [29]. EvgS, as a sensor 
protein involved in the two-component signal transduction system in 
response to various environmental signals and stresses, has been proved 
to be up-regulated by a high concentration of alkali metals (Na+, K+) 
and low pH [33,34]. Besides, EvgS has also been identified as a regulator 
of the RND-type multidrug resistance efflux pump MdtF, which could 
respond to various toxic substances [35]. Ybl185, also named as ArcC 
(carbamate kinase), is involved in the arginine deiminase system which 
catalyzes the breakdown of arginine to ornithine and ammonia, with the 
production of ATP; ATP as an energy source and ammonium as a 
counteracter of the lowering pH resulting from sugar fermentation, 
could together contribute to the acid stress resistance of cells, even the 
cells membranes were already damaged [36,37]. PhoH is a phosphate 
starvation-inducible protein responding to the low nutrient condition 
[38] and has also been reported to be up-regulated in Z. mobilis in 
response to various biomass-derived inhibitors [4]. E. coli cells sense 
sugars and amino acids as attractants with counterclockwise flagellar 
motors rotation and sense weak acids like acetic acid as repellents with a 
clockwise pattern [39]. The bacterial chemotaxis related protein CheA, 
can transmit sensory signals from chemoreceptors to flagellar motors, 
causing swimming behavior in response to changes in cytoplasmic pH 
for cells to avoid acid crash [39]. Also, CheA that has been proved to be 
the convergence point of chemoreceptor methylation-dependent and 
-independent pathways for chemotactic adaptation, is also required for 
chemotaxis to oxygen, PTS (phosphotransferase system)-sugars, and 
non-PTS sugars [40]. Therefore, the up-regulation of CheA may also help 
E. coli resist the inhibitors by adjusting its cytoplasmic pH, energy pro-
duction, and sugar uptake. Moreover, microbial cells need to import 
more nutrients into the cells and export toxins across membranes to 
protect the cells against inhibitory stresses. The ATP-binding cassette 
protein RbsA, as part of the ABC transporter complex RbsABC respon-
sible for the transport of nutrients and pumping of toxins, has been 
proved to enhance the acid stress resistance of Lactococcus lactis when 
overexpressed in the cells [41]. KdsC involved in the biosynthesis of 
lipopolysaccharide and bacterial outer membrane synthesis [42], was 
reasonable to be up-regulated in response to the biomass-derived in-
hibitors, as it is evidenced by previous research that deletion of kdsC 
gene could lead to defective outer membrane and thus increase the cell 
sensitivity to hydrophobic toxic compounds [42]. YtfE has been shown 
to be responsible for the recovery and repair of nitrosylated Fe–S clusters 
damaged by oxidative and nitrosative stresses [43,44], thus the 
up-regulation of YtfE might also help E. coli to resist the inhibitors. 
High-affinity choline transport protein BetT, which was up-regulated, 
has also been proved to play a key role in response to the DNA dam-
age stimulus [45] and hyperosmotic pressure [46]. In the 15 
up-regulated DEPs, only the functional role of uncharacterized sugar 
kinase YgcE is not yet clear; however, our results suggest its role in 
cellular stress responses, in agreement with a previous report [47] that 
YgcE was upregulated by furfural stress. 

In addition to the abovementioned proteins, the biomarker proteins 
like YebT, YfbS, GarL, AphA, NarJ, SbcB, MurR, and Ea22 were the first 
time to be identified as stress-responsive proteins. Interestingly, these 
proteins were all down-regulated responding to the inhibitors. YebT is 
an intermembrane transport protein related to the transport of sub-
strates across the periplasm [48]; putative transporter YfbS with cation 
transmembrane transporter activity has a virulence-related function as a 
response regulator [49]; 2-Dehydro-3-deoxyglucarate aldolase GarL 
involved in D-galactarate and D-glycerate catabolism, is related to 
quorum sensing in Pseudomonas savastanoi and Erwinia toletana [50]; 
AphA, as a magnesium-dependent class B acid phosphatase, can catalyze 
the hydrolysis of various phosphoester substrates [51]. However, their 
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roles in stress-responses are also still unknown now. NarJ is involved in 
both membrane-bound respiratory nitrate reduction and nitrogen 
oxidation; it has been reported that interruption in the narJ gene 
inhibited the heterotrophic nitrification in Pseudomonas strain [52]. 
Thus, down-regulation of NarJ might contribute to E. coli by affecting 
the nitrification under the inhibitor stresses. Selective gene expression 
starts at the step of transcription initiation and replication [53]. SbcB 
mutation of E. coli could suppress the cell deficiency in postreplication 
repair by enabling the genes uvrA, recB, and recC to repair DNA 
double-strand breaks [54], suggesting that down-regulation of sbcB 
might be helpful for cells to repair the damaged DNA caused by inhib-
itory stresses. MurR is a putative transcription factor that could repress 
the murPQ operon, which is required for the cellular catabolism of the 
bacterial cell wall [55]. Also, Ea22, probably derived from bacterio-
phages, is an uncharacterized protein involved in the cell cycle control, 
cell division, and chromosome partitioning of E. coli [56]. 
Deletion-substitution mutagenesis has shown that Ea22 is responsible 
for the block to initiation of DNA replication [57]. Therefore, 
down-regulation of the transcription/replication-related proteins SbcB, 
MurR, and Ea22 might also help E. coli to overcome the adverse effects 
like DNA damage brought by the biomass-derived inhibitors via regu-
lating the genetic process. Consequently, these new results provided a 
useful database of inhibitor-resistance related genes for the downstream 
metabolic engineering work and thus increased the knowledge depth in 
the context of inhibitor resistance of E. coli, although it has been studied 
a lot in recent years. 

Based on the bioinformatics analysis above, the biomarker protein 
YcfR that exhibited the highest fold-change value under the challenge of 
various inhibitors, was chosen as the target for overexpression to further 
validate our proteomics results and develop a robust strain with high 
tolerance to the biomass-derived inhibitors. As expected, overexpression 
of gene ycfR coupled with heterologous expression of genes lgk, pdc and 
adh resulted in a recombinant inhibitor-tolerant strain E. coli LGE-ycfR 
that could successfully survive and produce ethanol from levoglucosan 
in the media provided with inhibitors at the MIC levels identified for the 
control strain E. coli LGE2. In minimal media, it has been previously 
shown that overexpression of acetyl-CoA synthetase (ACS) could make 
E. coli MG1655 (pNC5) grow on 64 mM (equal to 3.84 g/L) acetic acid 
[58]; random combination of deletion of gene yqhD and increased 
expression of fucO, ucpA, or pntAB could help ethanologenic E. coli 
LY180 tolerate 10–15 mM (equal to 0.96–1.44 g/L) furfural, and the 
maximal furfural tolerance (15 mM) was exhibited by strain XW129 [13, 
47,59,60]; and overexpression of whole phenol degradation pathway 
genes in E. coli BL221-AI can make the recombinant BL-phe/cat tolerate 
10 mM (equal to 0.94 g/L) phenol and finally degrade 2 mM phenol 
[61]. In this regard, the engineered inhibitor-resistant strain E. coli 
LGE-ycfR was superior or comparable to the previous strains with one or 
multiple genetic changes. Furthermore, when challenged by single and 
combined inhibitors at their corresponding IC50 levels identified for the 
control strain, E. coli LGE-ycfR showed much lower sensitivity to the 
inhibitors, exhibiting higher final cell densities, specific growth rates, 
ethanol concentrations, ethanol productivities, and levoglucosan con-
sumption rates than the control (Fig. 5). The ethanol yield reached a 
maximum of 0.42 g/g levoglucosan, equal to the yield without any 
added inhibitors [8]. Taken together, our results suggest that the over-
expression of YcfR is an effective strategy for improving cellular toler-
ance to biomass-derived inhibitors. 

It is well known that the biomass-derived inhibitors influence the cell 
growth and metabolism via causing the membrane, DNA, and protein 
damages, acid crash, and ROS accumulation, etc. By overexpressing 
gene ycfR, furfural added in the media was completely consumed 
(Fig. 5E) and transformed to furfuryl alcohol of less toxicity [13,47], 
implying that high concentration of furfural that cannot be detoxified in 
time could result in persistent DNA damage and NAD(P)H exhaustion in 
non-engineering strain [62] and overexpression of YcfR might have 
strengthened the regulation of this furfural-detoxification pathway, 

thereby decreasing the intracellular furfural pool. However, slight 
changes in the concentrations of acetic acid and phenol indicated that 
the acquirement of acetic acid and phenol tolerances of E. coli LGE-ycfR 
might be owing to other biological detoxification processes, i.e., mem-
brane efflux pump [63] and amino acid dependent 
acid-resistance/tolerance system [64,65] rather than the direct trans-
formation. YcfR is a small size protein (87 aa) that has previously been 
identified to be (1) a scaffolding or tethering protein [66], (2) a protein 
related to the cellular transport of metabolites [67], (3) part of the soxRS 
regulon protecting cells against superoxide and H2O2 stresses [67], and 
(4) a protein of high identity with the predicted stress-responsive cation 
transport ATPases of Shigella boydii and E. coli [67]. Previous researches 
have reported that YcfR can provide multiple stress resistances for cells 
to survive under various stress conditions like heavy metals [28], heat 
[30], sodium salicylate [31], and hydrogen peroxide treatment [32]. 
Deletion of gene ycfR in E. coli could render cells more hydrophobic and 
sensitive to environmental stresses [66], while increased level of YcfR 
could reduce the entry of toxic copper by reducing membrane perme-
ability [66] and help cells to cope with the ambient stresses [67]. In 
addition, it is known that the homeostasis of lipids on the inner mem-
brane and outer membrane plays crucial roles in drug resistance of 
Gram-negative bacteria [48]; interestingly, YcfR was also found to be a 
typical feature of outer membranes of Gram-negative organisms 
responsible for the transport of metabolites while not found in 
Gram-positive bacteria [66]. Also, due to its small size, it is inferred that 
YcfR might mainly play its roles in inhibitor tolerance mechanism by 
acting on other functional proteins (Fig. 6). As expected, most of the 
YcfR-interacting proteins, revealed by the bioinformatics data deposited 
in the BioGRID [20] database, were shown to help cells resist multiple 
stresses like acidic stress, oxidative stress, osmotic stress, and nutrient 
starvation stress, help cells repair the damaged membrane and DNA 
resulted from the toxic chemicals stimulus, and help cells degrade the 
inhibitors into less toxic compounds (Fig. 6). Therefore, YcfR could 
provide benefits to E. coli by playing roles in biomolecules transport, 
protein folding, DNA and membrane repair, and operon regulation, etc. 
Further study about overexpression or knockout of other biomarker 
proteins identified by our proteomics approach coupling with over-
expression of ycfR might provide more benefits for the engineered E. coli 
to resist higher concentration of biomass-derived inhibitors. 

5. Conclusions 

Our comparative proteomics analysis revealed that 15 up- and 8 
down-regulated proteins functioning in processes like biomolecules 
transport and metabolism, cell defense and signal transduction, and 
DNA repair were stress-responsive proteins candidate for the cellular 
tolerance to various inhibitors. Among all the candidate proteins, YcfR 
exhibiting the highest expression fold-change level was the most 
prominent protein in response to the biomass-derived inhibitors. Further 
overexpression of the gene ycfR coupled with heterologous expression of 
genes lgk, pdc and adh generated a recombinant E. coli LGE-ycfR strain, 
which exhibited better fermentation performances, cell growth profiles, 
and inhibitor-tolerance levels than the control strain. As a result, for the 
first time, we corroborated ycfR is a cellular resistance gene for multiple 
biomass-derived inhibitors, and developed an inhibitor-resistant levo-
glucosan-fermenting ethanologenic strain. The engineered strain that 
can eliminate the costly detoxicification processes commonly used to 
minimize the adverse effects of unavoidable inhibitory byproducts 
produced during the pretreatment of biomass, is promising for the in situ 
cost-effective bioethanol production from the thermo-decomposed 
biomass substrates. 
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