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Abstract

Although the use of ionic liquids (ILs) for the pretreatment of lignocellulosic biomass has 

been limited due to high costs, recent efforts to develop low-cost protic ILs show promise for 

achieving cost-effectiveness for biorefineries. However, an additional challenge remains in that 

ILs present in biomass hydrolysates are toxic to most microbial hosts, resulting in poor growth 

phenotypes. To address this issue, we applied an adaptive laboratory evolution (ALE) approach 

for tolerizing Pseudomonas putida KT2440, an industrially relevant bacterial host, to two low-cost 

ILs (triethanolammonium acetate [TEOH][OAc] and triethylammonium hydrogen sulfate 

[TEA][HS]). After continuous cultivations with gradually increased IL levels, we obtained evolved 

strains showing significant improvements in their growth performance under high concentrations 

of the ILs (maximum 4% [TEOH][OAc] and 8% [TEA][HS], in w/v) at which the wild-type strain 

cannot grow. Sequencing of evolved strains revealed multiple regions where mutations were 

associated with improved performance in minimal media conditions (relA, gacS, oprB/PP_1446, 

fleQ, tktA, and uvrY/PP_4100) and in IL-specific conditions (PP_5350, PP_4929/emrE, oprD, and 

PP_5324). We further validated the causality of the PP_5350 and emrE genes for improved IL 

tolerance via reverse engineering and transcriptomic analysis. A common mutation in the PP_5350 

gene, encoding a RpiR family transcriptional regulator, was shown to significantly upregulate the 

glyoxylate cycle for efficient acetate catabolism. In addition, it was suggested that the emrE gene 

encodes an efflux pump which can export [TEA][HS]. Finally, the cultivation of two of the best 

performing evolved strains with IL-treated biomass hydrolysates demonstrated their considerable 

potential to be used as platform strains. Taken as a whole, this work provides strains for utilization 

of IL-treated biomass and a mechanistic understanding that could be further leveraged to develop 

efficient microbial bioprocesses.
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Introduction

Lignocellulosic biomass, abundant in nature, is a promising feedstock for the microbial 

production of various biochemicals as it can be depolymerized into diverse carbon sources 

including hexoses (e.g., glucose, galactose), pentoses (e.g., xylose, arabinose), and aromatic 

compounds (e.g., coumaric acid, ferulic acid).1 In this regard, during recent decades, microbial 

conversion of the lignocellulosic-sugars has been studied extensively using various types of 

microbial hosts for its efficient utilization. Pseudomonas putida KT2440 (KT2440) has garnered 

attention due to its high inherent tolerance and capability to utilize the aromatic compounds2–6 

which constitute 5-30% of total carbon in lignocellulosic biomass.7

One of the major difficulties in the bioprocessing of lignocellulosic biomass is due to its 

recalcitrance and irregular bond structure which limits the overall activity of depolymerizing 

enzymes. Previously, diverse pretreatment approaches (e.g., acid hydrolysis, steam explosion, 

ammonia fiber expansion, etc.) have been implemented;8 however, disadvantages such as the 

formation of inhibitory sugar degradation products and a high-energy requirement limit their 

widespread adoption.9 An alternative approach using an ionic liquid (IL)-based pretreatment has 

been reported.10–13 ILs are mixtures of cation and anion salts that exist in liquid form at or near 

room temperature due to their low melting point. Because they can dissolve many organic 

chemicals, the robust structure of lignocellulosic biomass can be weakened, allowing efficient 

enzymatic hydrolysis even without acid pretreatment or a high-temperature (>180 oC) process.14 

Numerous studies, such as IL screening and condition optimization have been performed to 

realize the IL-based pretreatment of lignocellulosic biomass at an industrial scale.8,15–19

Even with great potential, the major obstacle in the use of ILs is their high cost.8 While 

imidazolium-based ILs (e.g., 1-ethyl-3-methylimidazolium acetate, 1-butyl-3-
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methylimidazolium chloride) have been extensively studied given their ability to obtain high 

sugar yields,20 the cost was estimated at $20 - $100 per kg.21,22 This high cost significantly 

hinders the commercial viability of IL-based processes. To address the issue, a few low-cost 

protic ILs have been reported. 21,23–26 These protic ILs can be prepared by simple mixing of low-

cost bases (e.g., alkanolamines, alkylamines) and acids (e.g., acetic acid, sulfuric acid, 

phosphoric acid). It was demonstrated that a comparably high glucose yield and an even better 

thermal stability can be achieved.8,21,23 Because their prices are estimated at $0.7 - $1.4 per 

kg,23,25,27 significantly lower than imidazolium-based IL costs, the use of low-cost protic ILs 

suggests an economically feasible route towards the successful development of IL-based 

bioprocesses.

Having addressed economic viability, additional challenges remain because ILs in the 

hydrolysates can severely reduce the activity of host microorganisms.16,28,29 This intolerance 

leads to costly purification processes (i.e., thorough washing of biomass with high water usage) 

which increase the overall cost.19,30 While previous attempts have been made to overcome the 

IL-induced inhibition by isolating naturally IL-tolerant strains,31,32 the use of a new species as 

production hosts require additional efforts to test their compatibilities (e.g., growth on sugars, 

genetic tractability, biosafety, etc.). Alternatively, the approach of Adaptive Laboratory 

Evolution (ALE), an enrichment process of strains with improved fitness under given selection 

pressures,33,34 has been shown to have great potential in the generation of platform strains. 

Indeed, many important phenotypes for biomass processing such as improved substrate 

utilization or tolerance to toxic products have been obtained,34–40 and improved biochemical 

production was achieved by using evolved strains.39 Furthermore, related mechanisms have been 

suggested by subsequent sequencing analysis, enabling a better understanding of host 
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microorganisms41,42. Notably, there were successful ALE studies improving tolerance of 

Escherichia coli and Saccharomyces cerevisiae to imidazolium-based ILs.28,43 Nevertheless, 

since the effect of ILs vary greatly depending on the type of IL and microorganisms,44 a specific 

ALE study for tolerizing KT2440 to low-cost ILs was warranted.

In this study, an ALE approach was applied for tolerizing the wild-type KT2440 strain to 

low-cost ILs. We chose triethanolammonium acetate ([TEOH][OAc]) and triethylammonium 

hydrogen sulfate ([TEA)[HS]) as target ILs, given that their costs are expected to remain low and 

high glucose yields have been achieved21,23,25. For the tolerization, the cells were serially passed 

while maintaining the exponential phase with increased concentrations of each IL or their 1:1 

mixture (by mass). After the tolerization ALE (i.e., TALE), we observed that isolates from 

evolved populations were able to grow at high concentrations of the ILs. Genomic sequencing 

revealed multiple key mutations were present in the adapted strains, and possible tolerance 

mechanisms were described based on information found in the literature and experimental 

validation. Finally, the cultivation of the evolved strains in IL-pretreated biomass hydrolysates 

confirmed that they would be potential platform hosts in an IL-based lignocellulosic biorefinery.

Experimental section

Bacterial strains, plasmids, oligonucleotides, biomass, and general reagents

Bacterial strains and plasmids used in this study are listed in Table S1. The wild-type 

KT2440 strain (ATCC 47054) and E. coli S-17 (ATCC 47055) stored at Joint BioEnergy Institute 

(Emeryville, CA, USA) were used. Oligonucleotides are listed in Table S2 and synthesized by 

Integrated DNA Technologies (Coralville, IA, USA). For routine PCR reactions, HotStarTaq DNA 

Polymerase (Qiagen, Hilden, Germany) was used. When fidelity is critical, Q5 polymerase (New 
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England Biolabs, Ipswich, MA, USA) was used. For plasmid cloning, NEBuilder® HiFi DNA 

Assembly Master Mix was used. All chemicals were purchased from Sigma Aldrich (St. Louis, 

MO, USA) unless mentioned otherwise. For the preparation of all reagents and media, purified 

water from a Milli-Q system (MilliporeSigma, Burlington, MA, USA) was utilized. The biomass 

utilized was Sorghum (Sorghum bicolor), which was a kind gift from Idaho National Labs (Idaho 

Falls, Idaho, USA). Commercial enzyme cocktails Cellic® CTec3 and HTec3 were generously 

provided by Novozymes (Davis, CA, USA).

Synthesis of the ionic liquids

Both [TEOH][OAc] and [TEA][HS] ILs were synthesized according to literature 

procedures.26 In summary, alkyl amines and the corresponding acids were mixed in a 

stoichiometric molar ratio of 1:1. Before mixing, the amines were diluted with distilled water to 

approximately 75% v/v. The acids were then added slowly into the cognate solutions under 

continuous stirring at 0 ºC. Finally, distilled water was added to the mixture to adjust the 

concentration of the IL stock solutions to 50% w/v. 

Routine cell culture methods

All microbial cultures were conducted at 30 oC using either the LB medium (10 g/L 

tryptone, 5 g/L yeast extract, and 10 g/L NaCl) or the modified minimal M9 medium (4 g/L 

glucose, 2 g/L (NH4)2SO4, 6.8 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 2 mM MgSO4, 0.1 

mM CaCl2, 500 μL/L 2000X trace element solution). The composition of the trace element 

solution28 is 4.5 g/L ZnSO4⋅7H2O, 0.7 g/L MnCl2⋅4H2O, 0.3 g/L CoCl2⋅6H2O, 0.2 g/L 

CuSO4⋅2H2O, 0.4 g/L Na2MoO4⋅2H2O, 4.5 g/L CaCl2⋅2H2O, 3.0 g/L FeSO4⋅7H2O, 1.0 g/L 
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H3BO3, 0.1 g/L KI, 15 g/L disodium ethylenediaminetetraacetate. The IL stock solutions were 

additionally added for the preparation of the IL-containing minimal media. When [TEA][HS] 

was added, the media were neutralized (pH 7) by the addition of 10 M NaOH solution. 

For typical shake-flask cultures, a single colony was inoculated from an LB agar plate 

into 5 mL of the minimal medium contained in a 30-mL cylindrical flask. After overnight 

culture, the seed culture was refreshed by diluting into 15-mL of the fresh medium at 0.05-0.1 of 

optical density at 600 nm (OD600). When OD600 reached 0.8-1, the culture was transferred to 15 

mL of the same fresh medium at OD600 0.05 to inoculate the main culture. For isolates from 

TALE5-8 and TALE13-16 showing a growth defect when they grew without acetate anions, 1 

g/L acetate (pH 7) was supplemented to the medium. The medium was continuously stirred with 

a magnetic stir bar at 1,100 rpm and 30 ℃. OD600 was measured by using a Biomate 3S bench-

top spectrophotometer from Thermo Fisher Scientific (Waltham, MA, USA). Cultures were 

conducted in triplicates otherwise noted.

When the cells were cultured in various conditions, BioscreenC from Growth Curves 

USA (Piscataway, NJ, USA) was used. The refreshed seed cultures were prepared identically 

with the flask-scale culture. However, main cultures were conducted in 200 μL of the minimal 

medium at the initial OD600 0.1. The cultures were continuously shaken at a high level. The 

temperature of a plate lid was maintained at 31 oC to avoid evaporation of the medium. Cell 

growth was monitored by measuring OD600 with a 1-h interval. 

Adaptive evolution of KT2440 using an automated ALE platform

The ALE experiments were carried out in the flask-scale cultures using the automated 

ALE platform.28,33 Briefly, multiple colonies of KT2440 were independently inoculated into 
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initial ALE flasks with 15 mL of the minimal medium. After their overnight cultures, 750 μL of 

the grown cultures were transferred into the fresh medium containing initial concentrations of the 

ILs (Table S3). The OD600 values of each flask were periodically measured using a microtiter 

plate reader (Tecan, Männedorf, Switzerland) to monitor cell growth. The cultures were passed 

to next flasks when the OD600 value reached 0.3-0.4 (equivalent to OD600 0.9-1.2 measured by 

the bench-top spectrophotometer using a 1-cm length cuvette) to maintain exponential growth 

phase. Typically, 150 μL was used as a passage volume (a 1/100 dilution). The concentration of 

each IL was increased stepwise by 20% of the initial concentration until the concentration 

reached 2.0% w/v. Then, their concentrations were increased by 0.4% w/v to reach a high 

concentration more rapidly. The frozen stocks of cultures were prepared regularly and kept at -80 

oC until their analysis.

Genome and transcriptome analyses

The initial, intermediate, and end-point strains or populations were sequenced to 

investigate genomic variations. Specifically, end-point isolates of the TALE experiments were 

chosen by screening best colonies with the final concentrations of each IL. The intermediate 

isolates from the TALE experiments and all isolates from the control experiments were randomly 

chosen from streaked colonies on the M9 agar plates without any ILs. 

For their resequencing, genomic DNA was extracted by using a Quick-DNA 

Fungal/Bacterial Miniprep Kit purchased from Zymo Research (Irvine, CA, USA). Then, pair-

end resequencing libraries were prepared by using a Nextera XT kit from Illumina (San Diego, 

CA, USA). Raw sequencing data was processed by using a bioinformatics pipeline45 which 

utilizes Breseq46 (version 0.33.1) and Bowtie247 (version 2.3.4.1). A new reference genome was 
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created using gdtools of Breseq with applying the genome differences (Supplementary Data 1) 

between the newly sequenced genome and the reference genome of KT2440 (NCBI reference 

sequence: NC_002947.4). The mutations of evolved strains were investigated by uploading 

processed data on ALEdb41 (version 1.0) based on the new reference genome. For populations 

samples, mutations with frequencies less than 0.5 were filtered out. Sequencing coverages of 

end-point isolates were more than 150X while coverages of other isolate and population samples 

were between 13-317X. The sequencing reads are available at the NCBI SRA database 

(BioProject number: PRJNA625743).

For transcriptomic analysis, cell cultures at the exponential phase (OD600 0.4-0.6) were 

mixed with two volumes of RNA protect Bacteria Reagent (Qiagen, Hilden, Germany) for 

stabilization and their total RNA was extracted by using Quick-RNA Fungal/Bacterial Miniprep 

Kit (Zymo Research). Residual genomic DNA was removed by incubating the samples with 

DNase I (RNase-free, NEB). Ribosomal RNA was removed by hybridizing with 30-bp 

oligonucleotides designed to bind the ribosomal RNA of KT2440 specifically and treating with 

Thermostable RNase H purchased from Lucigen (Middleton, WI, USA). The remaining 

oligonucleotides were removed by incubating the resulting samples with DNase I (NEB). The 

samples were purified by using an RNA Clean & Concentrator Kit (Zymo Research). Paired-end 

RNA-Seq libraries were constructed using a KAPA RNA HyperPrep kit from Kapa Biosystems 

(Wilmington, MA, USA). Raw RNA-Seq reads were mapped to the original reference genome 

using Bowtie247 and transcript abundance was analyzed using summarizeOverlaps.48 Calculation 

of transcripts per million (TPM) and prediction of differentially expressed genes were conducted 

using DESeq2.49 RNA-Seq data files were deposited at Gene Expression Omnibus (accession 

number: GSE149827). 
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All libraries were sequenced on Illumina HiSeq or NextSeq platform at IGM Genomics 

Center (San Diego, CA, USA) and sample concentrations and qualities were checked by using 

Qubit (Thermo Fisher Scientific), 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), and 4200 

Tapestation (Agilent).  

Genome engineering of Pseudomonas strains

Pseudomonas strains were engineered for allelic exchange following the conjugation of 

plasmid DNA using selection with gentamicin followed by counterselection against the presence 

of heterologous expression of sacB.50,51 For homologous recombination, 1-kb flanking sequences 

next to a target gene were chosen. Conjugation plasmids (pTE275_PP_5350’ and 

pTE275_emrE, Table S1) were prepared by using the Gibson assembly method. Briefly, to 

prepare pTE275_PP_5350’ plasmid, the PP_5350 region of a mutated end-point isolate was 

amplified using the PP_5350_F and PP_5350_B primers. Then, the amplified DNA fragment 

was assembled with a vector fragment amplified with the PP_5350_V_F and PP_5350_V_B 

primers, and the pEX18GM plasmid (Table S1) which has essential elements for bacterial 

conjugation. To prepare the pTE275_emrE plasmid, the upper and lower regions of emrE in the 

wild-type KT2440 strain were individually amplified using EmrE_F1, EmrE_B1, EmrE_F2, 

EmrE_B2 primer pairs. Then, the two fragments and a vector fragment amplified with the 

EmrE_V_F and EmrE_V_B primers and the pEX18GM plasmid as a template were assembled. 

All assembled mixtures were directly introduced into the E. coli S-17 strain using the 

conventional thermal transformation method and correct colonies were screened by colony PCR 

followed by sequencing of constructed plasmids. 
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For actual conjugation, Pseudomonas strains and E. coli S-17 strains (S17_PP_5350’ and 

S17_emrE, Table S1) with cognate plasmids were separately grown in 5-mL LB media. To 

maintain the plasmids in E. coli, gentamicin was included. When the cultures reached the 

exponential phase, they were mixed with a 1:5 ratio of P. putida to E. coli. A small volume of 

the culture equivalent to approximately 1.5 X 108 cells (OD600 ~0.1) was spotted on an LB agar 

plate. After 24 hours, the cell mass was resuspended in a 50 μL LB medium and streaked on a 

fresh LB agar plate containing gentamicin and chloramphenicol to isolate conjugated 

Pseudomonas strains only. The successful conjugation was confirmed by doing another colony 

PCR with the SacB_end_F primer that binds the sacB gene and either PP_5350_check_F or 

EmrE_check_F primer that bind the upper region of the target locus. The confirmed colony was 

inoculated in a 5-mL LB medium and grew until OD600 reached 0.6. Then, the culture was 

serially diluted and spread on LB agar plates with 250 g/L sucrose. A colony with a desired 

mutation was screened by doing another colony PCR with two outside primers (a pair of 

PP_5350_check_F and PP_5350_check_B or a pair of EmrE_check_F and EmrE_check_B). The 

concentrations of gentamicin and chloramphenicol were 30 μg/mL and 25 μg/mL, respectively.

Preparation of IL-treated biomass hydrolysates

The biomass sorghum was dried for 24 h in an oven at 40 ºC and knife-milled with a 2 

mm screen (Thomas-Wiley Model 4, Swedesboro, NJ, USA). Subsequently, it was treated with 

each IL (20% (w/w) initial pretreatment slurry) in a 1 L Parr benchtop reactor from Parr 

Instrument Company (Moline, IL, USA). All the pretreatments were carried out at 140 °C for 3 

h. After the pretreatment, the biomass-IL mixtures were diluted to achieve 4% and 5% (w/v) of 

the [TEOH][OAc] and [TEA][HS] by the addition of distilled water, and subsequently, the pH 
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was adjusted to ~ 5 by the addition of a small amount of either H2SO4 or NaOH. The pretreated 

biomass mixtures were hydrolyzed using a 9:1 (v/v) mixture of Cellic Ctec3 and Htec3 enzymes 

at an enzyme loading of 20 mg of enzyme per 1 g of starting biomass. Enzymatic hydrolysis 

experiments were conducted at 50 °C for 72 hours with constant agitation on a shaker. Next, the 

pH of the hydrolysates was adjusted to 7 by the addition of 10 M NaOH and concentrated 

medium salt solutions were added. The [TEA][HS]-treated hydrolysate was also further diluted 4 

times and glucose was supplemented due to its unexpected toxicity. The hydrolysates were 

sterilized by filtration using 0.4-μm filters before cultivation and stored at 4 °C for further 

experiments.

Metabolite quantification

Concentrations of sugars, byproducts, and acetate were analyzed by using the 1260 

Infinity II LC system (Agilent, Santa Clara, CA, USA) with the HPX-87H column (Biorad, 

Hercules, CA, USA) and 5 mM H2SO4 as a mobile phase. The flow rate of the mobile phase and 

the column temperature were maintained at 0.5 mL/min and 45 ℃, respectively. For 

quantifications, refractive index signals were monitored.

Results and discussion

Characterizing IL toxicity to wild-type P. putida KT2440 and the stress response 

The toxicity of the chosen ILs was initially examined for KT2440 by monitoring cell 

growth (200 μL as a culture volume) with various IL concentrations (Fig. S1a and S1b). Similar 

to previous observations28 with E. coli growing with imidazolium ILs, the growth rate of 

KT2440 was decreased as the concentration of the ILs were increased. At a concentration of 
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0.5% w/v of [TEOH][OAc], growth inhibition was observed, and growth was completely 

abolished at a concentration of 2% w/v for the wild-type strain. With [TEA][HS], although the 

extent of the inhibition was less than [TEOH][OAc], cellular growth was decreased at 2% w/v 

and no growth was observed with more than 5 w/v % [TEA][HS] during a 24 h observation time. 

Given that higher tolerance to IL is preferred to avoid the additional washing step and that other 

microorganisms have been evolved to grow above 5% w/v imidazolium IL,28 the results 

indicated a necessity to improve the tolerance of KT2440.

To investigate IL-induced stress in wild-type KT2440, transcriptomic changes upon the 

addition of the growth-inhibiting concentration of each IL (0.5% [TEOH][OAc] or 2% 

[TEA][HS]) were analyzed. Differentially expressed genes (DEGs) from IL treatment were 

determined using the ratio of total normalized reads from the treated sample over the untreated 

control. This analysis revealed that the IL additions significantly affected the global gene 

expression profile; the expression profile of 632 genes (11.4% of the total genes, fold change > 

2) were changed by either single IL out of which 59 genes were common to both (Fig. S2a and 

Supplementary Data 3). 19 and 14 genes showed large fold changes (> 10) by each IL 

respectively while there were no common genes (Fig. S2b and Table S4). These 632 genes were 

categorized into clusters of orthologous groups (COGs) based on their functional annotations 

(Fig. S2c and S2d). This analysis showed that genes involved in inorganic ion transport and 

metabolism [P], amino acid metabolism and transport [E], transcription [K], and general function 

prediction only [R] were mainly affected. Specifically, when [TEOH][OAc] was added, genes 

related to arginine/glutamate metabolism (aruC, PP_0269) and fusaric acid resistance (PP_1263, 

PP_1264, PP_1266) were significantly upregulated while genes related to acetate metabolism 

(actP-I) and benzoate metabolism (benE-I, benD, benC, PP_2036, PP_2037) were down-
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regulated. On the other hand, when [TEA][HS] was added, large fold changes (>10) were only 

observed with upregulated genes: genes related to lipid metabolism (PP_3726, PP_3725, 

PP_3732), drug resistance (mexC, emrE, mexD), and stress response (csbD). However, a further 

detailed analysis was limited since ~40% of DEGs were for genes with limited conservation to 

known proteins and did not significantly cluster with characterized genes. Given the limitations 

of this RNA-Seq analysis of the ILs on gene expression, we turned to a TALE approach to 

efficiently generate sets of IL-tolerant strains based on the wild-type KT2440 starting strain. 

Furthermore, it was believed that this approach could provide an understanding of IL tolerance 

mechanisms and determine whether the identified DEGs were important.

ALE for tolerization of KT2440 to the ILs

To improve tolerance to the ILs, wild-type KT2440 clonal isolates were subjected to the 

TALE approach (Table S3) using an automated liquid handling platform. As a control 

experiment, KT2440 was cultivated in identical conditions without any ILs (lineages labeled as 

ALE1-4). For the TALE experiments, KT2440 was cultivated with continuous exposure to either 

[TEOH][OAc] (lineages labeled as TALE5-8) or [TEA][HS] (lineages labeled as TALE9-12). In 

addition, wild-type clonal isolates were also tolerized to a 1:1 mixture of the ILs (lineages 

labeled as TALE13-16). Thus, there were 12 independent TALE (Fig. 1) and 4 independent 

constant condition ALE experiments performed (Fig. S3). During the TALE experiments, the 

concentrations of ILs were gradually increased (20% of the starting concentrations for each step 

and a value of 0.4% w/v once the concentration reached 2% w/v, see Methods for details) from 

sub-lethal starting concentrations (0.5% [TEOH][OAc], 2% [TEA][HS], and 1% mixed ILs, in 
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w/v). Starting concentrations showed approximately 60% inhibition of growth rate for wild-type 

cells.

Notably, during the control experiments, the growth rates of evolved populations 

gradually increased from approximately 0.58 h-1 to 0.79 h-1 (on average, with a maximum of 0.87 

h-1) and were maintained for numerous generations at this apparent maximum growth rate, for 

the duration of the experiment (Fig. S3 and Table S3). In the cases of the TALE experiments 

(TALE5-16), the growth rates were generally decreased as the concentrations of ILs were 

increased. Specifically, the growth rates of the populations in TALE5-8 and TALE13-16 

(tolerization to [TEOH][OAc] and the IL mixture) maintained their approximate initial growth 

rates (0.3 - 0.4 h-1) until the concentrations reached 2% w/v. However, the population growth 

rates gradually began decreasing to below to 0.13 h-1 after the change in the step sizes to 0.4% 

w/v. In the case of the TALE experiments with an initial concentration of 2% (w/v) [TEA][HS] 

(TALE9-12), the growth rates consistently decreased from the start of the experiment, probably 

due to the larger step sizes from the beginning, and the final population growth rates were 0.17 h-

1, on average. Despite the reduced growth rates, the final concentrations of ILs reached 4.3% w/v 

for [TEOH][OAc], 7.3% w/v for [TEA][HS], and 4.9% w/v for the IL mixture – concentrations 

at which wild-type KT2440 cells cannot grow (Fig. 2a). The populations underwent from 335 to 

609 generations and 1.64 - 3.10 x 1012 cumulative cell divisions (CCD)52 depending on the 

evolution conditions (Table S3). 

Physiological characterization of end-point strains from each condition

To confirm improved tolerance phenotypes, clonal isolates from the last flask of the 

independent evolution experiments were isolated (Table S1) and cultivated at a small-scale with 
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the absence and presence of the ILs (at ‘low’ and ‘high’ concentrations). The potential for cross-

tolerance was also investigated by testing the isolates from all evolution experiments with both 

targeted ILs. 

Evolved clones were screened under various concentrations of [TEOH][OAc] to 

understand the extent of their tolerance phenotypes. For [TEOH][OAc], 2% w/v and 4% w/v 

were chosen for screening at low and high concentration, respectively (Fig. 2a and Fig. S4a-e). 

Surprisingly, the cultivation revealed that all evolved strains, even from the control ALE 

experiments, showed improved tolerance to [TEOH][OAc]. Nevertheless, as expected, isolates 

from TALE5-8, which had been evolved with [TEOH][OAc] only, showed higher growth rates 

than strains from the other lineages (Fig. 2a). Furthermore, the isolates from TALE5-8 showed 

higher growth rates in the presence of [TEOH][OAc] than in an ‘unstressed’ condition (i.e., 

without the IL). Although it was less apparent, the final flask (i.e., end-point strain) 

TA_15_F84_I1 tolerized to the mixed IL also showed a similar improvement in growth rate (Fig. 

S4e), implying that the growth performance dependency is commonly present in the strains 

continuously exposed to [TEOH][OAc] either by itself or in a mixture. In case of the other 

strains, the addition of [TEOH][OAc] generally inhibited their growth rates. 

A set of endpoint clones were also screened with two concentrations of [TEA][HS] to 

characterize their resistance phenotypes. In this case, 4% w/v and 8% w/v were chosen as the 

low and high concentrations, respectively (Fig. 2a and Fig. S5a-e). Similar to the results from 

cultivation with [TEOH][OAc], final flask isolates from TALE9-12 (exposed to the maximum 

7.6% w/v [TEA][HS]) showed the highest growth rates among isolates from the other lineages in 

the presence of 8% w/v [TEA][HS]. In addition, most strains from the control ALE experiment 

and the experiment with the IL mixture also showed the capability to grow at this concentration. 
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However, in general, the strains evolved with [TEOH][OAc] showed reduced growth rates, even 

less than the wild-type strain (Fig. 2a), suggesting that the improved tolerance to [TEOH][OAc] 

of the TALE5-8 strains is specific to [TEOH][OAc] only. Additionally, all endpoint strains grew 

at the highest growth rates when ILs were absent in the medium, indicating the evolution 

approach did not induce any dependency on [TEA][HS].

The improved tolerance of the evolved clones was validated by the cultivation of the best 

performing end-point strains (i.e., strains with the highest growth rates with 4% w/v 

[TEOH][OAc] or 8% w/v [TEA][HS] IL at the small-scale cultivation) from each condition at a 

larger scale similar to the evolution conditions (Fig. 2b and 2c). Nearly all selected evolved 

strains consistently grew at the larger scale as well, whereas the wild-type KT2440 strain did not 

show any detectable growth (an exception was the TA16_F86_I1 strain which failed to grow 

with 8% [TEA][HS]). Specifically, the TA8_F83_I1 and the TA9_F60_I1 strains displayed the 

highest growth rates of 0.15 h-1 and 0.17 h-1 with [TEOH][OAc] and [TEA][HS], respectively. 

Additionally, the cultivation of the control ALE_1-4 strains at this larger format revealed an 

increase in growth rates to a maximum of 0.77 h-1 (Fig. S6), similar to those observed in their 

corresponding end-point populations (Table S3). This result contrasts with observed changes in 

growth rates for the same strains in the small-scale format. The lower growth rates during the 

small-scale cultivation might be due to decreased aeration; this observation suggests that benefits 

from acquired mutations are often affected by a given test condition. 

Collectively, these results indicate that the ALE and TALE approaches were successful in 

adapting and tolerizing KT2440 to obtain improved fitness values within the given IL stress 

environments where the wild-type strain performs poorly. However, their different responses to 

the ILs suggested that the improved tolerance was achieved via multiple mechanisms depending 
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on the evolution conditions. Therefore, we proceeded to further investigate possible tolerance 

mutational mechanisms by sequencing obtained evolved strains.

Whole genome sequencing reveals ‘key-3’ genetic elements related to IL tolerance 

To understand the mutational mechanisms enabling the acquired IL tolerance phenotypes, 

genome sequences of end-point strains and populations, as well as some intermediate strains, 

were analyzed (for TALE13-16, only end-point strains and populations were resequenced, 

Supplementary Data 2). Notably, sequence analysis revealed a number of mutations observed 

across multiple independent experiments (Fig. 3 and Table 1). When genomic loci were 

identified as mutated in three or more independent lineages and at least one end-point isolate, we 

defined these genetic features as ‘key-3’ regions. Furthermore, the ‘key-3’ regions were 

classified into two categories: key regions for culturing condition-specific adaptation, if observed 

in the control ALE experiments or other previous studies not related to ILs, and key regions for 

IL-specific adaptation if mutations were exclusively observed in the TALE experiments 

conducted here.

There were a number of culturing condition-specific ‘key-3’ regions identified in both the 

control and TALE experiments which were correlated with adaptation to the specific culturing 

conditions (e.g., medium). A total of six ‘key-3’ regions containing eight genes were identified 

(Table 1 and Fig. S7a-f). Of these genes, there were four genes encoding transcription regulators 

(gacS, fleQ, uvrY, and PP_4100), two genes encoding metabolic enzymes (relA, tktA), two genes 

encoding membrane or membrane-related proteins (oprB-II and PP_1446). Although mutations 

in this set of genes are not directly related to IL tolerance, they are related to glucose 

metabolism, biofilm formation, or general stress responses in which they can be speculated to 
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improve the general fitness of KT2440 (Fig. S6), thereby increasing tolerance to the IL or 

potentially any given stressor (See Supplementary Text 1 for detailed speculations about their 

roles).

A total of four IL-specific ‘key-3’ regions containing five genes were identified from 

evolutions performed under the TALE conditions (Table 1 and Fig. S7g-j). There were two genes 

encoding transcription regulators (PP_5350 and PP_4929), two genes encoding membrane 

proteins (emrE and oprD), and one gene encoding a sensor protein (PP_5324). Mutations in both 

PP_5350 and PP_4929/emrE regions were identified in all first isolates from the single-IL TALE 

experiments, indicating those regions were mutated early in the evolution. On the other hand, 

mutations in oprD and PP_5324 occurred in the middle or late stage of the TALE experiments. 

PP_5350 encodes a RpiR (ribose-phosphate-isomerase regulator)-family transcriptional factor. A 

recent study reported that its homolog in P. aeruginosa represses the expression of aceA 

(encoding isocitrate lyase) and glcB (encoding malate synthase),53 key genes in the glyoxylate 

cycle.54 In addition, from a database,55 it was found that this PP_5350 potentially interacts with 

genes responsible for glucose metabolism (e.g., glk encoding glucokinase, zwf encoding glucose 

6-phosphate 1-dehydrogenase, eda encoding KHG/KDPG aldolase, edd encoding 

phosphogluconate dehydratase). It was surprising to find that an identical 9-bp deletion was 

identified at the C-terminal of the PP_5350 coding region in all TALE experiments (8/8, 100%) 

from the [TEOH][OAc] set (Table 1). The deletion probably occurred in the identical region due 

to its repeated sequence (Fig. 4a), similar to the 82-bp deletion in E. coli.56 As these mutations 

were highly specific to [TEOH][OAc], it strongly suggested linkage between the in-frame 

deletion in PP_5350 and the improved IL tolerance. Thus, the mutation was subjected to further 

characterization.
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For TALE experiments that used [TEA][HS], the PP_4929-emrE region (encoding a 

LysR-family transcriptional regulator and a small multidrug resistance protein, respectively) was 

frequently mutated (8/8, 100%) (Fig. S7h and Table 1). Specifically, the upregulation of emrE 

was observed in the wild-type KT2440 strain upon the addition of [TEA][HS] (Table S4), 

suggesting that KT2440 has an inherent mechanism to reduce stress caused by this IL. In this 

manner, from the literature, it was found that E. coli K-12 MG1655 also has a similar EmrE and 

can export imidazolium ILs.57 However, we found that the EmrE gene of KT2440 shares only 

47% identity with its E. coli homolog (Fig. S8) and one isolate (TA13_F83_I1) from an IL mix 

TALE experiment acquired a frame-shift mutation in its emrE, which likely disrupts its activity. 

To confirm the role of the PP_4929-emrE region in IL tolerance, we performed reverse 

engineering and omics analysis on a strain containing a mutation uncovered in this study. 

Additionally, potential roles of the other two genes, oprD and PP_5324, are discussed in 

Supplementary Text 2.

Validation of causality for the PP_5350 RpiR transcription factor and its role in acetate 

utilization

The relationship between mutations in PP_5350 and tolerance of [TEOH][OAc] was 

characterized via reverse engineering, growth phenotyping, and transcriptomic analysis. Given 

that growth inhibition in KT2440 by [TEOH][OAc] was mainly caused by acetate ions (Fig. S9), 

an available carbon source, we hypothesized that mutations in PP_5350 enabled efficient 

utilization of acetate ions thereby reducing the concentration below toxic levels. Indeed, the 

TA8_F83_I1 strain grew better when neutralized acetate salts were supplemented in the medium 

while triethanolammonium did not affect the growth (Fig. S9), supporting the hypothesis. To 
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understand the effect of the 9-bp mutation in PP_5350, it was introduced into the KT2440 

starting strain, resulting in the KT2440_PP_5350’ strain (Table S1). Then, the KT2440, 

KT2440_PP_5350’, and TA8_F83_I1 strains were cultivated in the M9 medium containing 2 g/L 

glucose and 2 g/L acetate as carbon sources (Fig. 4b-e). As expected, the KT2440_PP_5350’ and 

TA8_F83_I1 strains, which have the PP_5350 mutation, showed higher growth rates and acetate 

consumption compared to the KT2440 strain. 

Transcriptomic analysis of strains harboring the reproducibly occurring mutation in 

PP_5350 revealed that the mutation significantly activated genes responsible for the glyoxylate 

cycle, consistent with the deletion study53 with P. aeruginosa (Fig. 4f). Specifically, the 

expression levels of aceA were the most differentially expressed in both KT2440_PP_5350’ and 

the TA8_F83_I1 strains (196-fold and 122-fold, respectively) as compared to the KT2440 strain. 

The expression level of another essential gene in the glyoxylate cycle, glcB, was also up-

regulated (15-fold and 11-fold, respectively), consistent with our hypothesis that the mutation in 

PP_5350 enabled rapid acetate assimilation, and that this was enabled by the activation of the 

glyoxylate cycle. Additionally, downregulated expression of genes related to glucose 

assimilation (e.g., glk, edd, Supplementary Data 4) was also observed; this finding can be 

associated with the observed low growth rates of strains with the mutation while grown without 

acetate ions. Further, genes related to the TCA cycle (e.g., gltA encoding citrate synthase, sucAB 

encoding 2-oxoglutarate decarboxylase and 2-oxoglutarate dehydrogenase, sdhA encoding 

succinate dehydrogenase) were mostly up-regulated. Although zwf (PP_5351, encoding one of 

three glucose 6-phosphate 1-dehydrogenases in KT2440) is divergently located next to PP_5350, 

its expression was not differentially changed. These regulated gene expressions likely resulted in 

the preferential utilization of acetate ions over glucose by the KT2440_PP_5350’ or 
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TA8_F83_I1 strain (Fig. 4c). Further study is required to investigate whether PP_5350 directly 

or indirectly regulates all the aforementioned genes. Nevertheless, the results strongly indicated 

that the KT2440 strain was evolved for the rapid utilization of acetate and this was enabled by 

the novel 9-bp mutation in PP_5350 which activates the glyoxylate cycle.

Validation of causality for the EmrE as a potential exporter of IL and its regulation by 

PP_4929

The role of EmrE in IL tolerance was validated by the growth phenotyping of an EmrE-

lacking strain. This validation was accomplished by deleting emrE in the TALE-derived 

TA9_F60_I1 strain. When the resulting strain (TA9_F60_I1_emrE, Table S1) was cultivated 

with 8% [TEA][HS] (Fig. 5a), it showed a severe decrease in both growth and final OD. This 

finding confirmed that emrE was indeed required for the [TEA][HS] tolerance and EmrE likely 

confers as a functional efflux pump which exports the tested (and potentially additional) IL out 

of the cytoplasm. 

We further investigated the relationship between PP_4929 and emrE by transcriptomic 

analysis. Specifically, transcript level changes of PP_4929 and emrE in the KT2440 strain and 

the TA9_F60_I1 strain were analyzed. The TA9_F60_I1 contains a premature stop codon 

mutation (E160*) in PP_4929 (Supplementary Data 2). It was observed that the expression levels 

of both PP_4929 and emrE genes were increased (a 11.7-fold increase and a 6.67-fold increase, 

respectively) (Fig. 5b and Supplementary Data 4). This observation was consistent with the 

annotation of PP_4929, a LysR-type transcriptional regulator. LysR-family transcription 

regulators have been characterized to regulate the expression of divergently located genes as well 

as their own expression.58 These findings imply that PP_4929 is similarly a repressor for emrE 
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expression and represses its own expression. It is still not clear why the TA13_F83_I1 strain, 

evolved with the mixed IL, obtained a frame-shift mutation in emrE despite its positive role in IL 

tolerance. One possibility is that a potential burden exists if the emrE is highly expressed upon 

the addition of [TEA][HS], given that the expression of emrE was up-regulated in the wild-type 

KT2440 when 2% w/v [TEA][HS] was added (Table S4). The burden associated with membrane 

protein expression has been previously studied59,60 and growth inhibitions were observed. The 

burden was possibly avoided from the inserted frameshift mutation, which resulted in a changed 

amino acid context. Nevertheless, the result obtained from the deletion of emrE in the 

TA9_F60_I1 strain suggests that EmrE is beneficial for improving tolerance to [TEA][HS] and 

its role is believed to facilitate the export of the IL from the cells.

Cultivation of evolved strains with IL-treated biomass hydrolysate

The applicability of the well-performing TALE-derived strains (A8_F83_I1 and 

A9_F60_I1 strains) was evaluated using biomass hydrolysates pretreated with either of the two 

targeted ILs (see Materials and Methods). When [TEOH][OAc] was utilized, sorghum was 

successfully pretreated and deconstructed, resulting in a hydrolysate containing 4% 

[TEOH][OAc] and a 72% and 71% yield of glucose and xylose, respectively (Table S5). In the 

case of [TEA][HS], a greater glucose yield was achieved (81%) whereas the xylose yield was 

low (16%). Two common sugar byproducts - furfural and 5-hydroxymethylfurfural (5-HMF) - 

were also quantified. Notably, furfural and 5-HMF were not detected (< 0.01 g/L) in the 

[TEOH][OAc]-treated hydrolysate. However, in the [TEA][HS]-treated hydrolysate, small 

amounts of furfural (1.75 g/L) and 5-HMF (0.35 g/L) were detected, likely due to a low pH 

condition caused by the formation of sulfuric acid in water. Unfortunately, the existence of the 
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sugar byproducts resulted in an additional toxicity,61,62 requiring a further dilution of the 

[TEA][HS] hydrolysate to enable growth; the final concentration of [TEA][HS] was 1.5%. 

Nevertheless, after a 48-h cultivation in each hydrolysate, it was observed that both A8_F83_I1 

and A9_F60_I1 displayed superior growth phenotypes (2.65-fold and 1.32-fold increases in the 

biomass formation) compared to the unevolved KT2440 strain (Fig. 6a and b). Although further 

optimization of the pretreatment process is required, these results indicate that the ALE 

technology successfully improved the fitness of KT2440 and generated platform strains relevant 

for lignocellulosic-biomass refining.

Conclusions

In this study, we demonstrated the tolerization of the industrially relevant microbe P. 

putida KT2440 to two toxic but low-cost ILs using an ALE approach to select for novel and 

beneficial mutations through natural selection. IL-tolerant strains were successfully obtained by 

systematically evolving independent lineages of the same starting strain under multiple 

conditions. Whole genome sequencing of evolved strains identified conserved genomic regions 

reproducibly mutated across multiple independent experiments. The recovered mutations from 

this process provided a basis for mechanistic insights on how IL tolerance can be generated in 

KT2440 under industrially relevant conditions. We provide rigorous experimental evidence to 

support genetic causality of two candidate regions with IL tolerance. Specifically, it was found 

that the 9-bp mutation in the PP_5350 gene activated the glyoxylate cycle for lowering acetate 

levels via assimilation and the emrE expression was upregulated for enhanced efflux of 

[TEA][HS]. The IL-tolerant strains generated from this study are thus beneficial towards 
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achieving cost-effectiveness of bioprocesses that convert IL-treated biomass by reducing costly 

purification steps and improving yields. 

To realize full-scale lignocellulosic biomass processing with ILs, further development, as 

well as process evaluations (e.g., the mass balance of biomass), should be conducted. Because 

the composition and toxicity of biomass hydrolysates are greatly affected by factors such as 

biomass types, drying methods, pretreatment time, and temperature,18,63–65 various parameter 

studies are needed to maximize the process efficiency. An important issue is to minimize the 

formation of the growth-inhibiting sugar byproducts when [TEA][HS] is used. This issue could 

be addressed by detailed optimization of pretreatment conditions including IL concentration, 

IL/biomass ratio, and temperature.66 Additionally, while the burden of IL costs on overall 

process economics is lowered by using these low-cost ILs, its usage is still an expense that needs 

to be reduced. Therefore, IL-recycling before or after the microbial fermentation should be 

studied. In this regard, protic IL recycling was already successfully demonstrated in one recent 

study,21 lending support to the industrial viability of these ILs. 

This study is a clear example of how ALE can be efficiently utilized to generate strains 

with industrially relevant phenotypes by creating novel mutations in multiple genetic regions that 

are difficult to be rationally designed. Often it is believed that tolerance to toxic chemicals can be 

achieved by up-regulating the expression of genes encoding efflux pumps.67,68 However, we lack 

a predictive understanding of which specific efflux pump will confer the strongest benefit for a 

specific stress or how to tune a given pump gene to enhance its activity. In this regard, the ALE 

approach, which does not rely on a priori assumptions as to what needs to mutate or change,34 

pinpoints the most relevant targets, not limited to efflux pumps, and suggests effective mutations 

for enhanced performance. Furthermore, mutations created by this ALE experimentation could 
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be useful for additional applications. For example, the strains with the identified 9-bp deletion in 

PP_5350 could show improved tolerance to other acetate-containing ILs, given that acetate is a 

common anion for ILs. In addition, the 9-bp deletion could be introduced into strains that are 

used in bioprocesses with feedstocks that contain acetate as one or a sole substrate.54,69–71 

Additionally, the P. putida strains obtained from the control experiment that possessed high 

growth rates in a minimal medium can be used in bioprocesses without ILs.

Finally, we believe that the ALE approach can be further applied to other less-

characterized microorganisms with specialized metabolic lifestyles (e.g., syngas fermentation, 

plastic degradation) for the biorefinery.72,73 ALE-based genetic perturbation followed by multi-

omics analyses to understand beneficial mutations can create new knowledge and improve our 

understanding of novel host microorganisms. Such efforts will greatly strengthen our capability 

to develop microbial cell factories for accomplishing the ultimate goal of industrial biorefineries.
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Figure captions

Fig. 1. Evolution trajectories of the TALE experiments.

The tolerization ALE (TALE) experiments were conducted during a 3-month period with (a) 

triethanolammonium acetate ([TEOH][OAc]), (b) triethylammonium hydrogen sulfate 

([TEA][HS]), and (c) their 1:1 mixture. x-axis indicates cumulative cell divisions (CCD).52 Left 

and right y-axes indicate the approximate population growth rate and the IL concentration at each 

flask. Initial step sizes for decreasing the concentrations were 20% of the initial concentrations. 

For [TEOH][OAc], the step size was changed to 0.4% w/v when the concentration reached 2% 

w/v. It should be noted that the IL concentrations were occasionally lowered by the algorithm, 

designed to decrease the concentration when severe growth inhibition was observed. 
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Fig. 2. Growth characterizations of end-point strains with [TEOH][OAc] or [TEA][HS]

(a) Characterization of isolates from each end-point population from a small-scale cultivation 

(200 μL of the culture medium). Numbers indicate the maximum specific growth rates

 (h-1) under the absence and presence of the IL. Right bar indicates the color-scale of the growth 

rate. (b and c) Flask-scale cultivation of the wild-type KT2440 strain and selected end-point 

strains representing each condition (15 mL of the culture medium). x-axis and y-axis indicate 

time (h) and optical density at 600 nm (OD600), respectively. (b) A1_F84_I1, TA8_F83_I1, 

TA12_F55_I1, TA15_F84_I1 strains were cultivated with 4% [TEOH][OAc] and (c) 

A2_F83_I1, TA6_F80_I1, TA9_F60_I1, TA16_F86_I1 strains were cultivated with 8% 

[TEA][HS]. All cultures were conducted in biological triplicates (n=3).
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Fig. 3. ‘Key-3’ regions related in the improved IL tolerance

A Venn diagram for ‘key-3’ regions that were mutated in three or more independent lineages and 

fixed in at least one endpoint isolate. Numbers in parentheses indicate the number of lineages 

where the gene or genetic region was mutated. Two types of mutations are identified, (1) ‘Key-3’ 

culturing condition mutated genetic regions (blue) which indicate mutations related to adaptation 

to the culturing conditions, and (2) ‘Key-3’ IL-specific mutated genetic regions (red) which 

indicate mutations related specifically to IL tolerance. Gene names: PP_5350, RpiR family 

transcriptional regulator; PP_5324, two-component system response regulator; PP_4929, LysR 

family transcriptional regulator; emrE, a small multidrug resistance protein; oprD, a basic amino 

acid specific porin; uvrY, BarA-UvrY two-component system response regulator; PP_4100, Cro-

CI family transcriptional regulator; relA, ATP:GTP 3'-pyrophosphotransferase; oprB-II, 

carbohydrate-selective porin; PP_1446, TonB-dependent receptor; fleQ, a transcriptional 

regulator; tktA, transketolase A; gacS, sensor protein. ‘/’ indicates an intergenic region.
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Fig. 4. Characteristics of the 9-bp mutation in PP_5350 and its effect on acetate utilization

(a) Comparison of the original and 9-bp deleted PP_5350 sequences (b-d) Growth and carbon 

consumption profiles of (b) the wild-type KT2440 strain, (c) the KT2440_PP_5350’ strain, and 

(d) the TA8_F83_I1 strain in minimal medium with 2 g/L each of glucose and acetate and no 

ILs. x-axis indicate time (h). Left and right y-axes indicate OD600 and carbon concentration (g/L), 

respectively. Symbol: black circle, OD600; blue square, glucose; red triangle, acetate. (e) 

Maximum specific growth rates on the glucose and acetate condition (h-1) of the three strains. (b-

e) Error bars indicate standard deviation of three independent cultures (n=3). (f) Changes in 

transcription levels of carbon metabolism related genes. Square boxes indicate averaged TPM 

values of the differentially expressed genes (marked with * for up and ^ for down) of wild-type 
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KT2440 (left), KT2440_PP_5350’ (center), and TA8_F83_I1 (right) strains. Only genes 

differentially expressed in wild-type KT2440 and KT2440_PP_5350’ strains were marked. The 

cultures were conducted in biological duplicates (n=2). Abbreviations: GLC, glucose; GLCN, 

gluconate; 2KG, 2-ketogluconate; G6P, glucose-6-phosphate(P); 6PG, 6-phosphogluconate; 

2KG6P, 2-ketogluconate-6-P; KDPG, 2-keto-3-deoxy-6-phosphogluconate; G3P, 

glyceraldehyde-3-P; 3PG, glycerate-3-P; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 

PYR, pyruvate; Acetyl-CoA, acetyl coenzyme A (CoA), CIT, citrate; ICT, isocitrate; aKG, 

alpha-ketoglutarate; SUC-CoA, succinyl-CoA; SUC, succinate; FUM, fumarate; MAL, malate; 

OAA, oxaloacetate. 
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Fig. 5. Characterization of the role of EmrE and its relationship with PP_4929

(a) Growth profiles of the TA9_F60_I1 (PP_4929 has an early stop codon insertion mutation) 

and TA9_F60_I1_emrE strains in the presence of 8% [TEA][HS]. x-axis and y-axis indicate 

time (h) and OD600. Error bars indicate standard deviation of three independent cultures (n=3). 

(b) TPM of the PP_4929 and emrE genes of the TA9_F60_I1 and TA9_F60_I1_emrE strains in 

the medium without the IL. Each y-axis indicates the TPM value of a gene. The TPM values 

were derived from four biological replicates of the KT2440 strain (n=4) and two biological 

replicates of the TA9_F60_I1 strain (n=2). The inset indicates a suggested regulation of the emrE 

gene expression by PP_4929.
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Fig. 6. Cultivation of the wild-type KT2440 and TALE end-point strains in IL-treated 

biomass hydrolysate media

(a) The wild-type KT2440 and the TA8_F83_I1 strains were cultivated in [TEOH][OAc]-treated 

sorghum medium. (b) The wild-type KT2440 and the TA9_F60_I1 strains were cultivated in 

[TEA][HS]-treated sorghum medium. The concentrations in the media were 4% w/v and 1.5% 

w/v for [TEOH][OAc] and [TEA][HS], respectively. x-axis and y-axis indicate time (h) and 

OD600 during a 48-h cultivation. The cultures were conducted in biological triplicates (n=3).
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Table 1. ‘Key-3’ regions in the evolved strains

Regiona Descriptionb Number of
lineagesc ALE condition ALE number Related study

Culturing condition mutated genetic regions

relA ATP:GTP 3'-
pyrophosphotransferase 16 All 1-16 74–76

gacS Sensor protein 7
[TEOH][OAc], 

[TEA][HS],
the mixed IL

6, 7, 9, 10, 11, 
15, 16

77–81

oprB-II / 
PP_1446

Carbohydrate-selective porin / TonB-
dependent receptor 6 Control, 

[TEOH][OAc] 1, 2, 4, 6-8 82

fleQ Transcriptional regulator 4 Control 1-4 77,83

tktA Transketolase A 3 Control 1-3

uvrY / 
PP_4100

BarA-UvrY two-component system 
response regulator / Cro-CI family 
transcriptional regulator

3
[TEOH][OAc], 

[TEA][HS],
the mixed IL

5, 12, 13 81

IL-specific mutated genetic regions

PP_5350 RpiR family transcriptional regulator 8 [TEOH][OAc], the 
mixed IL 5-8, 13-16 53

PP_4929 / 
emrE

LysR family transcriptional regulator / 
small multidrug resistance protein 8 [TEA][HS], the 

mixed IL 9-16 57
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oprD Basic amino acid specific porin 4 [TEA][HS] 9-12 82,84

PP_5324 Two-component system response 
regulator 3 [TEOH][OAc], the 

mixed IL 6, 8, 16 85,86

agacS and uvrY/PP_4100 regions were classified as culturing condition mutated genetic regions because their mutations were observed 

in previous studies77,81 that evolved KT2440 in a similar no-stress condition. All detailed mutations are listed in Supplementary Data 

2. ‘/’ indicates an intergenic region.

bAnnotations were from Pseudomonas Genome DB (http://www.pseudomonas.com/).

cNumber of lineages where mutations of the genomic region were observed.
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