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Supplementary Methods
Strains

The strains used in this study are tabulated in Table S1.
Preparation of mutant libraries for microarray hybridization

For the transposon insertion library, we used a genetic footprinting method as appeared in Girgis et al.1. Samples taken from the over-expression library were prepared as documented elsewhere2. The overexpression library consists of cells carrying a 11-3kb genomic fragment cloned in the pBR322. For constructing this library, nebulized genomic DNA was end-repaired with Klenow fragment (NEB cat# M0210) and T4 polynucleotide Kinase (NEB cat# M0201) and cloned into the ScaI site of the vector.
Calculating fitness scores from hybridization results

The extent to which the mutations in a given locus are enriched or depleted is a measure for the fitness contribution of that locus. The hybridization signal for each gene on the array was regarded as a cumulative effect from all the transposon insertion events (or all the plasmids harboring it in case of overexpression libraries). The ORF intensities from unselected libraries (five in case of transposon insertion library and three for the overexpression library) were used as control for the quantifying the null distribution of hybridization signals


1, 2 ADDIN EN.CITE . The fitness profiles from our four selections are available here:

http://tavazoielab.princeton.edu/ethanol_tolerance/samples_combined.txt
Many loci show positive or negative scores in the fitness profiles. The Spearman's rank correlation (() between the two transposon libraries (4% and 5.5%) was determined to be 0.58 (p-value<2.2e-16). The overexpression samples showed a ( value of 0.72. These significant correlations for both cases suggest that the underlying genetic contributions are the same across different ethanol concentrations.
Modular analysis of fitness profiles

The pathway-level analysis of the fitness profiles was performed using a mutual information-based package termed iPAGE (for information-theoretic Pathway Analysis of Gene Expression3). We compiled gene-sets based on GO annotations4, transcription factor regulons5 and known stress response pathways6. These modules are available in the Supplementary Information. In short, iPAGE calculates the mutual information (MI) between the quantized input vector (which in our case can be either the fitness profiles or gene expression values) and the gene-set memberships. The concept of mutual information is applicable both to discrete and continuous random variables; however, in practice the input vector must be quantized into equally populated bins (e.g. 10 bins for results in Figure 2) prior to MI calculation. Statistically significant modules are then identified using a randomization-based test3.

The full iPAGE outputs are included in the Supplementary Information. iPAGE is available at http://tavazoielab.princeton.edu/iPAGE/. Alternatively, users can register for our online platform called iGET (https://iget.princeton.edu/) to use iPAGE.
Gene expression profiling of HG228 in comparison with WT

Relative transcript abundances in HG228 and WT were determined using two-color hybridization protocol for Agilent arrays. Cells were grown in M9 media supplemented with 0.2% glucose and 1.5% (v/v) ethanol to an optical density of (OD600) of ~1. The cells were then diluted down to OD600 of 0.1 and were grown to OD600 of 0.5. Total RNA was then extracted using total RNA purification kit (Norgen Biotek, Cat #17200). A poly-A tail was added to the RNA samples using E. coli Poly(A) polymerase (NEB, M0276) for 30 minutes. Using “quick amp labeling kit” from Agilent, The HG228 and WT samples were then labeled with Cy3 and Cy5 respectively and hybridized to Agilent custom arrays tiling the whole genome (60bp oligos) on both strands with 10bp overlaps (Design ID 024568). The log-ratio of Cy3 and Cy5 channels were then averaged for the probes on the coding strand of each locus. The resulting expression profile was then analyzed using iPAGE. Figure S6 shows the output for the pathways previously identified to be important for ethanol tolerance. The expression values and raw datasets are available in the Supplemenatary Information and on-line at http://tavazoielab.princeton.edu/ethanol_tolerance/. This dataset is also deposited in Gene Expression Omnibus under the accession number GSE21194.
Metabolite pool measurements and stable-isotope labeling

For determining relative metabolic pool sizes, HG227, HG228 and MG1655 cells were grown overnight in M9 media supplemented with 0.2% glucose to an optical density at 600 nm (OD600) of ~1.  Cultures were diluted to OD600 of 0.1 in M9 medium + 0.2% glucose and 3.5% ethanol and allowed to grow until an OD600 0.15 (approximately 2 hours). Cells (1.6 mL of liquid culture) were moved to 47mm diameter nylon filters (GE MAGNA R04SP04700) using a vacuum filtration apparatus. The filters were then placed cell-side up on plates of identical composition to that of the liquid media, embedded in 1.5% triply-washed agarose.  Plates were placed in a sealed chamber to prevent excessive evaporation of ethanol, and the culture was allowed to grow to OD600 of 0.3 (measured by first washing cells off of the filter in water), at which point they were extracted. Simultaneous quenching and extraction was performed by quickly moving the filters to 700 (L of a solution of 40:40:20 methanol, acetonitrile, and water with 0.1M formic acid at -20ºC. Filters were kept in the extraction solution for 15 minutes, then washed with the extraction solvent. The extraction solvent was transferred to a 1.5mL microcentrifuge tube and spun at 13000(g for 5 minutes at 4ºC to remove cellular debris. Supernatant was removed and the pellet was discarded. Relative quantification of the supernatant was performed by one of two separate LC methods coupled to electrospray ionization (ESI) to Thermo TSQ Quantum triple quadrupole mass spectrometers (Thermo Scientific) operating in multiple reaction monitoring (MRM) mode. The first separation coupled positive mode ionization to an aminopropyl column used in HILIC mode7, and a reverse phase method with tributylamine as an ion-pairing reagent8 to negative mode electrospray ionization. MRM transitions, are as previously described7. Single ion chromatograms were extracted and analyzed using in-house software (MZrock), and manually checked for accuracy after processing.

For determination of the incorporation of labeled ethanol, overnight cultures (as described above) of HG228 and MG1655 were diluted to OD600 of 0.4 (and did not grow significantly during the course of the experiment). After 2 h in liquid media, the cells were moved to filters by transferring 0.5 mL of liquid culture to 25mm diameter nylon filters (Millipore HNWP02500) under vacuum filtration and placed cell-side up on triply-washed agarose plates containing M9 medium with 1.5% unlabeled ethanol and no glucose.  The cells were left on the plates for a further 2 h. Filters were extracted (as above) for time 0 data, and the remaining filters were moved to plates of identical composition, substituting U-13C-ethanol for unlabelled ethanol for 0.25, 1, and 4 h prior to extraction. Plates were kept in a sealed chamber to prevent ethanol evaporation throughout. Simultaneous metabolic quenching and extraction was performed as above, but in 400 (L of the extraction solvent.  Incorporation of labeled ethanol was monitored using Liquid Chromatography coupled to a high-resolution, high-mass accuracy Exactive mass spectrometer (Thermo Scientific) scanning the range 75-1000 m/z.  The LC method is a variant of that reported8 using a smaller column (Phenomonex Synergi 2.5u Hydro-RP 100A 100 mm x 2.0 mm, P/N 00D-4387-B0) and a 25 minute gradient. Data were corrected for natural abundance of carbon-13 as previously described9.

Both the metabolite fingerprinting and stable-isotope labeling data are available in the Supplementary Files and also our website at:

http://tavazoielab.princeton.edu/ethanol_tolerance/
In Figure S7, for a set of metabolites, we have included the fraction of the molecules that are labeled across the four timepoints (0, 0.25, 1, and 4 h) in MG1655 vs. HG228.

Tables and Figures

Table S1. Strains. The bacterial strains used in this study are listed below, classified based on their relevance to ethanol tolerance as an adaptive phenotype. All the mutants are derived from the wildtype strain MG1655. We have performed the experiments both in the presence and absence of resistance cassettes (and in the presence or absence of antibiotics themselves) and we have established that kanR does not affect the level of ethanol tolerance.

	Strain 
	Relevant Genotype
	Marker
	Source

	Wildtype
	
	
	

	MG1655
	(-, rph-1, F-, ilvG-, rfb-50
	-
	Blattner et al.
 ADDIN EN.CITE 
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	Evolved strains
	
	
	

	HG179
	MG1655 evolved in LB+7%EtOH (80 generations)
	-
	

	HG180
	MG1655 evolved in LB+7%EtOH (80 generations)
	-
	

	HG227
	MG1655 evolved in M9+4%Glc+3%EtOH (30 generations)
	-
	

	HG228
	MG1655 evolved in M9+4%Glc+3%EtOH (160 generations)
	-
	

	Acid tolerance response
	
	

	∆afi
	MG1655 (slp-hdeD)::kan
	kanR
	

	∆afi-c
	MG1655 ∆(slp-hdeD)
	-
	

	Ethanol degradation capacity
	
	

	∆fnr∆arcA
	MG1655 ∆arcA fnr::kan
	kanR
	

	∆fnr∆arcA-c
	MG1655 ∆arcA ∆fnr
	-
	

	∆cafA
	MG1655 cafA::kan
	kanR
	

	∆cafA-c
	MG1655 ∆cafA
	-
	

	∆fnr∆arcA∆cafA
	MG1655 ∆fnr ∆arc cafA::kan
	kanR
	

	∆fnr∆arcA∆cafA
	MG1655 ∆fnr ∆arc ∆cafA
	-
	

	Cell wall biogenesis
	
	

	∆slt
	MG1655 slt::kan
	kanR
	

	∆slt-c
	MG1655 ∆slt
	-
	

	pUC-murB
	MG1655 pUC19::murB
	AmpR
	

	Fimbriae
	
	
	

	Fim On
	fimB-am6 fimE-am18 invertible element ON
	-
	McClain et al.11

	Fim Off
	fimB-am6 fimE-am18 invertible element OFF
	-
	McClain et al.11
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Figure S1. Ethanol toxicity. Growth curves for wildtype E. coli strain MG1655 in LB plus increasing concentrations of ethanol. The time at which ethanol is added is shown by an arrow.
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Figure S2. iPAGE schematics. This figure shows our approach for discovering genetic modules with non-random patterns across the fitness range. For each module, mutual information (MI) values are calculated between the module membership profile and the input fitness profile. Modules with a significant MI value are then included in a graphical output. Here, in an exemplary case, we have quantized the genes into 3 bins. Although the notion of mutual information is applicable to both continuous and discrete variables, in practice, we have to quantize the input in order to calculate MI values.
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Figure S3. Fimbrial proteins vs. ethanol tolerance. (A) The fitness scores assigned to the fimbriae and fimbeiae-like genes. (B) Comparing the ethanol tolerance of a strain locked in the “fimbriae off ” state to that of “fimbriae on” and wildtype strains. The measurements were performed in triplicates and the error bars show the minimum and maximum values at each point. The reported p-value is calculated using the Fisher’s method (see Methods in the main text).
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Figure S4. The effect of succinate on ethanol tolerance. Addition of succinate to the complex media (LB) slightly increases the survival rate in the presence of 7% ethanol. The measurements were performed in triplicate and the error bars show the minimum and maximum values at each point. The reported p-value is calculated using Fisher’s method (see Methods in the main text).
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Figure S5. Metabolite concentrations in TCA cycle. Here, we show the pool sizes for citrate, fumarate and succinate. In general, we observed a higher concentration of these metabolites in the TCA cycle. The p-values provided are calculated using Student’s t-test (2 tailed) and the error bars show the standard deviation of the measurements done in quadruplicate.
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Figure S6. Modular analysis of gene expression in HG228. Total RNA was extracted from HG228 and WT after growth in M9-glucose plus 1.5% ethanol (OD ~ 0.6). The log-ratio expression values for HG228 vs WT were then analyzed using iPAGE. We observed significant expression changes associated with many of the previously identified pathways. Genes functioning in cell-wall biogenesis, heat-shock stress response and anaerobic regulon were upregulated; whereas, acid stress response pathway shows a general down-regulation.
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Figure S7. Stable-isotope labeling. Following treatment with 13C-ethanol, the fraction of the metabolites in the central metabolism that are labeled were measured at 0, 0.25, 1 and 4 hours for HG228 and MG1655. The measurements were done in triplicate and the error bars show the standard deviation for each measurement.
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Figure S8. The role of ethanol consumption in ethanol tolerance. As established before, strain HG228 assimilates ethanol by converting it to Acetyl-CoA and increasing the flux through the TCA cycle. In order to make the case that this increase in ethanol consumption is directly important for ethanol tolerance, we knocked out alcohol dehydrogenase (adhE) in this background and compared the resulting strain to the parental strain. The cells were then exposed to LB plus ethanol (7% v/v) and CFUs were counted at times 0 and 2.5 hours. As shown in the figure, the knock-out strain shows a significant 14% reduction in its survival rate.
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Figure S9. Comparing the glycine and glycine-betaine pool sizes in HG227, HG228 and MG1655. Despite the beneficial contribution of these osmoprotectants, we did not observe an increase in their concentration in the ethanol tolerant strains. The error bars show the standard deviation across the measurements performed in quadruplicate.
[image: image11.png]0D565

1.6

1.2

0.8

0.4

y = 16.885x
R2 = 0.98164

A
A

@ Standard Curve

>

A|nitial culture
oWT

BHG228

0 0.02 0.04 0.06 0.08 0.1

Ethanol Concentration (% v/v)

0.12

Ethanol Concentration (% v/v)

—_
(o))

—_
[\

o
o

©
I

p=0.015

Initial HG228 AadhE
culture




Figure S10. Ethanol consumption in HG228. Following growth in M9-glucose plus 1.5% ethanol (v/v) for ~12hr, the ethanol concentration in the HG228 medium drops ~0.18%; whereas, the ethanol concentration does not change significantly in WT medium.
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