Supplementary Figures
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Supplementary Figure 1. The fitness effects of transposon insertion events. Each of the marked strains carries a random transposon insertion somewhere in its genome. The insertion events themselves may disrupt a number of loci that are beneficial for the studied phenotype. The direct fitness contribution of those transposons results in a high depletion score at such loci. However, these signals are limited to single loci and distinguishable from loci linked to adaptive mutations based on the length of the affected region. Shown, for example, is the pckA locus in the ASN* selection. Note that this figure shows raw depletion scores that were not smoothed or otherwise subjected to our standard processing for display (see Online Methods). The product of the pckA gene functions in gluconeogensis, which is expected to be essential in asparagine media, but not in the glucose media used for comparison. Thus, transposon insertions that disrupted pckA were likely selectively deleterious in asparagine media, resulting in a high depletion score for pckA. The genetic footprinting protocol, which amplified the genomic region in the vicinity of each insertion without respect to gene boundaries, caused the high signal to bleed into the immediately neighboring genes. The spread of high depletion scores from the genetic footprinting procedure, however, unlike that from functional mutations, rarely extended more than two genes in each direction. We hypothesize that some transposon insertions in yhgE have polar effects that increase transcription of the adjacent pckA, giving a comparative advantage in asparagine media, offsetting the loss of signal from pckA insertions, and yielding a net average depletion score. To assess the approach’s specificity, we sequenced the entire region of elevated signal. No mutations were found, highlighting the computational method’s ability to distinguish the linkage-based effects of adaptive mutations from the fitness effects caused by individual transposon disruptions.
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Supplementary Figure 2. Adaptive mutations underlying increased ethanol tolerance. (a-d) Shown are the smoothed depletion scores across the loci identified by ADAM. A mutated allele at locus rho, designated rho*, has a pronounced effect on ethanol tolerance with a highly significant depletion score. The other three mutations (cadB*, htrE*, and kefB*) have more modest depletion scores consistent with their weaker contributions to ethanol tolerance.
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Supplementary Figure 3. Identifying functional mutations using the ASN* data. (a) Shown are the raw depletion scores (no smoothing or filtering) from applying ADAM to the ASN* mutant. Names of genes with large depletion scores are given. Signal from functional mutations (i.e., ansA, lrp, and sstT) spread over multiple adjacent genes; fitness differences caused by the transposons themselves produced more isolated regions of high depletion scores. (b) To smooth the depletion scores of (a), we took a moving average over a window of 25 genes. The signal to noise ratio was high enough that all true positives could be found by eye. The computational algorithm presented offers a systematic way to distinguish between true positives and false positives like pckA.
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Supplementary Figure 4. Identifying the mutated loci using the depletion scores. The depletion scores calculated from marker frequencies in the selected sample relative to the non-selective control can be used to identify adaptive mutations. However, high depletion scores result from both adaptive mutations and from the fitness contributions of the transposon insertion events themselves. For example, if a KanR marked transposon disrupts a gene essential for growth on the selective but not the non-selective media, cells containing insertions in this gene would decrease in abundance during growth in the selective media resulting in a high depletion score. The key to distinguishing adaptive mutations from these single-gene or single-operon effects relies on the simultaneous contribution of many linked loci to the depletion score observed in a genomic region with a functional mutation. These regions can be effectively identified by defining spatial vectors and finding the correlation of each spatial vector with depletion scores across the genome. Each spatial vector is a binary vector in which 25 neighboring genes are set to ‘1’ and the rest of the genes are set to ‘0’. Each of the spatial profiles has 24 out of 25 genes in common with the adjacent profiles. The mutual information (MI) between the spatial vectors and the depletion scores is a sensitive indicator of regions with functional mutations. A high MI value for a given spatial vector means that the collection of genes set to ‘1’ has higher depletion scores than expected by chance alone. The significance of the calculated MI values was determined through randomization-based statistical testing. We then removed redundant spatial profiles using a conditional information test (see Online Methods). 
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Supplementary Figure 5. Data filtering. In order to reduce the sensitivity of depletion score values to the initial transposon insertion frequencies, we filtered out the genes whose initial signals were 1 or more standard deviations away from the mean hybridization signal in the unselected libraries. These regions corresponded to insertion hot/cold spots. Unlike the hybridizations performed for this work, which compared two different marker distributions, the hybridizations of the unselected library compare the transposon insertion frequency to genomic DNA and reflect the initial insertion frequency9. The z-scores were calculated from five previously published hybridizations of the original, unselected library9.
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Supplementary Figure 6. The Gaussian weights used for smoothing the data. These values are from a Gaussian distribution with a mean of 0 and standard deviation of 7. Changing the standard deviation does not drastically affect the results.

Supplementary Table 1. Mutations identified in this study. The type and position of the identified mutations are tabulated along with their affected loci and their annotated functions. The position column refers to the number of bases from the start codon. The table illustrates the wide variety of mutations that can be identified using ADAM. In principle, the method should be able to locate any adaptive mutation that can be transferred by P1vir phage, which has a ~90kB genome 10. In practice, as the efficiency of P1vir transduction decreases for large mutations, the method is likely to perform best for mutations <~ 10 kb in size.    
	
	mutation
	Type
	Position
	gene
	function

	ASN*
	sstT*
	insertion (1 nt)
	upstream (-94)
	sstT
	Na+/Ser symporter

	
	lrp*
	insertion (~1.3 kb IS2 element)
	upstream (-212)
	lrp
	Leucine-responsive regulatory protein

	
	ansA*
	Mismatch (G→T)
	upstream (-64)
	ansA
	Asparaginase I

	ETM
	rho*
	mismatch 
T[Phe]→G[Leu]
	inside orf (+185)
	rho
	Transcription termination factor

	
	cadB*
	insertion (T)
	inside orf (+177)
	cadB
	Lys/Cad transporter

	
	htrE*
	insertion (A)
	inside orf (+1110)
	htrE
	Outer membrane porin (fimbrial assembly)

	
	kefB*
	mismatch G[Arg]→T[Leu]
	inside orf (+1495)
	kefB
	K+/H+ antiporter


Supplementary Table 2. Validating the adaptive mutations in ASN*. To determine the function of the identified mutations, which are all in promoter regions, we determined the phenotypes of either over-expressing or knocking-out the downstream genes. Shown are exponential phase doubling times in asparagine media in hours. Media for strains with plasmids was supplemented with 0.1 mM IPTG to induce expression and chloramphenicol (20 µg/ml) to maintain the plasmid. The results indicated that the ansA (b1767) and sstT (b3089) mutations increased the expression of the downstream genes, while the lrp (b0889) mutation decreased expression. All strains were MG1655 ∆lacZ. NG: no growth.  
The overexpression plasmids came from the ASKA library11 and the lrp::kan gene replacement came from the Keio collection12. The lrp::kan allele was transferred to MG1655 ΔlacZ by P1vir transduction. The control plasmid (pCA24N-pT5-lac) was generated by digesting the ASKA library’s pCA24N-pT5-lac-'sdaA plasmid with SfiI to remove the gene insert, flushing the ends with T4 DNA polymerase, phosphorylating the ends, and religating.    

	Strain
	Relevant Genotype
	Rep 1
	Rep 2
	Rep 3
	average
	sd

	28
	wild-type
	32.9
	42.7
	46.1
	40.6
	6.8

	1216
	lrp::kan
	34.4
	22.8
	22.2
	26.5
	6.9

	1219
	pCA24N-pT5-lac-'ansA
	11.7
	8.8
	8.5
	9.7
	1.8

	1220
	pCA24N-pT5-lac-'lrp
	31.3
	NG
	NG
	no consistent growth

	1228
	pCA24N-pT5-lac
	43.8
	75.1
	NG
	no consistent growth

	1229
	pCA24N-pT5-lac-'sstT
	25.6
	37.3
	22.4
	28.4
	7.8


Supplementary Table 3. Validation of ETM adaptive mutations. Each of the four identified mutations (rho*, htrE*, cadB* and kefB*) was replaced with the wild-type allele resulting in the corresponding ETM-X* strains. The four ETM-X* strains were then competed with a ΔlacZ version of ETM in the presence of 6.5% ethanol (see Supplementary Text 1). The ETM ΔlacZ strain used in each competition contained construction scars identical to those present in the corresponding ETM-X* strain. The first two columns show the number of generations each strain underwent during the competition. The standard deviations calculated from triplicate experiments are reported in parentheses. The selection index is the number of generations the ETM-X* strains went through for every generation of ETM ∆lacZ. For example, correcting the rho* mutation resulted in a 45% reduction in tolerance; whereas, htrE*, cadB*, and kefB* resulted in 4, 4, and 2% decreases respectively. The bottom row reports the results from competing the original ETM strain against the ETM ∆lacZ strain. The reported p-values for the difference between the numbers of generations were calculated using Student’s t-test (2-tail).  

	
	Number of generations
	selection index
	p-value

	
	ETM-X*
	ETM
∆lacZ
	
	

	ETM-rho*
	6.03 (0.11)
	11.03 (0.13)
	0.55
	<1e-5

	ETM-cadB*
	9.90 (0.09)
	10.28 (0.16)
	0.96
	0.039

	ETM-htrE*
	10.02 (0.09)
	10.39 (0.16)
	0.96
	0.036

	ETM-kefB*
	10.17 (0.05)
	10.35 (0.07)
	0.98
	0.022

	ETM 
(original, evolved isolate)
	9.84
(0.16)
	9.86
(0.05)
	1.00
	0.839


Supplementary Table 4. Strains used in this study. Strains 1203 to 1211 contain a scar from removing a kanamycin marker near ansA (between pncA and ydjE), a kanamycin marker upstream lrp, and a chloramphenicol marker upstream of sstT. In all cases, the ‘*’ refers to the allele from the evolved strain. 
	ID
	Name
	Background
	Comments

	CmlR
	CmlR
	MG1655 lacZ::gfp-cmlR
	GFP and CmlR cassettes inserted in the lacZ locus

	
	
	
	
	

	ID
	Genotype
	Background
	plasmids

	28
	
	MG1655 (ΔlacZ)
	none
	

	ANS*
	Unknown mutations from evolution in Asn media
	MG1655 (ΔlacZ)
	none
	

	1203
	ansA, sstT, lrp 
	MG1655 (ΔlacZ)
	none
	

	1204
	ansA*, sstT, lrp 
	MG1655 (ΔlacZ)
	none
	

	1205
	ansA, sstT*, lrp 
	MG1655 (ΔlacZ)
	none
	

	1206
	ansA*, sstT*, lrp 
	MG1655 (ΔlacZ)
	none
	

	1207
	ansA, sstT, lrp*
	MG1655 (ΔlacZ)
	none
	

	1208
	ansA*, sstT, lrp*
	MG1655 (ΔlacZ)
	none
	

	1209
	ansA, sstT*, lrp*
	MG1655 (ΔlacZ)
	none
	

	1210
	ansA*, sstT*, lrp*
	ASN*
	none
	

	1211
	ansA*, sstT*, lrp*
	MG1655 (ΔlacZ)
	none
	

	1216
	lrp::kan
	MG1655 (ΔlacZ)
	none
	

	1219
	
	MG1655 (ΔlacZ)
	pCA24N-pT5-lac-'ansA

	1220
	
	MG1655 (ΔlacZ)
	pCA24N-pT5-lac-'lrp

	1228
	
	MG1655 (ΔlacZ)
	pCA24N-pT5-lac

	1229
	 
	MG1655 (ΔlacZ)
	pCA24N-pT5-lac-'sstT
	 

	
	
	
	
	

	ID
	Name
	Background
	Comments

	ETM
	ETM (unknown mutations from adaptation)
	MG1655
	Grown in LB plus ethanol for ~80 generationns

	2
	ETM-rho*
	ETM
	rho* allele replaced by WT (contains a scar)

	3
	ETM-cadB*
	ETM
	cadB* allele replaced by WT (contains a scar)

	4
	ETM-htrE*
	ETM
	htrE* allele replaced by WT (contains a scar)

	5
	ETM-kefB*
	ETM
	kefB* allele replaced by WT (contains a scar)

	6
	ETM_scar_rho
	ETM (ΔlacZ)
	ETM containing the scar from transferring rho

	7
	ETM_scar_cadB
	ETM (ΔlacZ)
	ETM containing the scar from transferring cadB

	8
	ETM_scar_htrE
	ETM (ΔlacZ)
	ETM containing the scar from transferring htrE

	9
	ETM_scar_kefB
	ETM (ΔlacZ)
	ETM containing the scar from transferring kefB


Supplementary Table 5. Primers used for strain construction and verification. The sequence of primers used for sequencing regions in the ASN* and ETM strains are available upon request. 

	CmlR
	Usage
	Name
	Target
	Sequence

	21
	Used for placing gfp-cmlR into lacZ
	lacZ-GFP
	gfp
	GTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAAGGCGGTTTTTTCGTTTTCG

	22
	Used for placing gfp-cmlR into lacZ
	CO-GFP
	-
	CACGCAATAACCGACGTCTTCACACTCCAAATTAGATCTTATAACATGAGTCAGCAACACCTTCTTC

	23
	Used for placing gfp-cmlR into lacZ
	CO-FRT
	-
	GTTATAAGATCTAATTTGGAGTGTGAAGACGTCGGTTATTGCGTGGTGTAGGCTGGAGCTGCTTC

	24
	Used for placing gfp-cmlR into lacZ
	lacZ-FRT
	lacZ
	GATTTCCTTACGCGAAATACGGGCAGACATGGCCTGCCCGGTTATTATTACATATGAATATCCTCCTTAG

	
	
	
	
	

	ASN*
	Usage
	Name
	Target
	Sequence

	266
	Used for replacing 20 bp upstream of lrp with antibiotic cassette
	lrp-mark-5'
	b0889
	CGATAAGCAGGTCAAATTCTCCCGTCATTATCACCTCTGCCATATGAATATCCTCCTTAG

	267
	
	lrp-mark-3'
	b0889
	TTCATTAACAGGGGCGTTTATTCATCATTTAATCGGCTTAGTGTAGGCTGGAGCTGCTTC

	268
	Used for replacing 20 bp upstream of sstT with antibiotic cassette
	sstT-mark-5'
	b3089
	GTGGATAATTTTTAATCTGCCTAAGCCGTGTACCCTGTCACATATGAATATCCTCCTTAG

	269
	
	sstT-mark-3'
	b3089
	ATTACCCTCACCCCGACCCTCTCCCTGGAAGGGAGAGGGAGTGTAGGCTGGAGCTGCTTC

	270
	Used for checking marker by sstT
	sstT-check-l
	b3089
	TGCGTGCGATGTATTTCCTGCT

	271
	
	sstT-check-r
	b3089
	ACAAGGCCGACCAGGATTTGTT

	272
	Used for replacing 20 bp downstream of  ansA-pncA with antibiotic cassette
	asnA-mark-5'
	b1767-9
	TAATTTTACGCTGGCCTACAATTCTGTACTGGCATTGTAGGTGTAGGCTGGAGCTGCTTC

	273
	
	asnA-mark-3'
	b1767-9
	ATTAAATCTTTCGTTGATGGCATCAATTGCCAGATGTGCCCATATGAATATCCTCCTTAG

	274
	Used for checking marker by ansA
	ansA-check-l
	b1767-9
	TGCGTGAAGTTTACCGTGCT

	275
	Used for checking marker by ansA
	ansA-check-r
	b1767-9
	TTTGGCCAACGCATTTACGCCT

	276
	Used for checking marker by lrp
	b0889-left
	
	AAACTTGGTGGCATGTTCGT

	277
	Used for checking marker by lrp
	lrp-M
	 
	ACGATCGATACGGTCGAGAT

	
	
	
	
	

	ETM
	Usage
	Name
	Target
	Sequence

	1
	Used for placing kanR cassette near rho
	rho_kan_F
	b3783
	TTAATTTTTCCGTTGAGCACGACAACTAACCTGTTTTTTAGTGTAGGCTGGAGCTGCTTC

	2
	Used for placing kanR cassette near rho
	rho_kan_R
	b3783
	AACTATCCTGTTAGCCAAAATGGACCGTTCAGCACGACGTCATATGAATATCCTCCTTAG

	3
	Used for placing kanR cassette near cadB
	cadB_kan_F
	b4132
	CCCGAATTGGGATATGCCCGCAAATTGCTGGTGATGTGGGGTGTAGGCTGGAGCTGCTTC

	4
	Used for placing kanR cassette near cadB
	cadB_kan_R
	b4132
	TTCGTTTCAGGACGCCACGATTTAAGCGTTCTGCCTCCAACATATGAATATCCTCCTTAG

	5
	Used for placing kanR cassette near htrE
	htrE_kan_F
	b0139
	CTTAATTCAAAATTAAGTAAAAATAAGTTCACAAGTGCAAGTGTAGGCTGGAGCTGCTTC

	6
	Used for placing kanR cassette near htrE
	htrE_kan_R
	b0139
	AACATCTCTTTGCGGAAATAATATAACTTCCTATAAATAACATATGAATATCCTCCTTAG

	7
	Used for placing kanR cassette near kefB
	kefB_kan_F
	b3350
	AAAACAGAAACATTCATATTTAAAATGTTAAATTGAATTGGTGTAGGCTGGAGCTGCTTC

	8
	Used for placing kanR cassette near kefB
	kefB_kan_R
	b3350
	TTTTTGCATTTGTTGACGGCATATCTTATTCGTACTGTCACATATGAATATCCTCCTTAG

	9
	Used for checking rho
	rho_F
	b3783
	ACCCTGGCACTGCGCCGAAATATG

	10
	Used for checking rho
	rho_R
	b3783
	ATACGCAGACGAGAGTTTGCGTGC

	11
	Used for checking cadB
	cadB_F
	b4132
	TACAGCGGTAATACCAATCGCCAG

	12
	Used for checking cadB
	cadB_R
	b4132
	ATAAAAGCGGTCAGTGCTCTGG

	13
	Used for checking htrE
	htrE_F
	b0139
	ATATCCGTTGCAAATACTGAGGG

	14
	Used for checking htrE
	htrE_R
	b0139
	GTTCAAATGTTACGCCCTGGCG

	15
	Used for checking kefB
	kefB_F
	b3350
	TAAGCGTCGTTCGCGCCAACAGCG

	16
	Used for checking kefB
	kefB_R
	b3350
	GGATGCGCTGGGGCTGTCGATGG


Supplementary Note 1
Adaptive mutations in experimental evolution of ethanol tolerance

Ethanol tolerance is a complex phenotype involving contributions from multiple cellular pathways


1, 2 ADDIN EN.CITE . To discover mutations contributing to this phenotype, we evolved an ethanol tolerant strain (ETM for ethanol tolerant mutant) by propagating wild-type strain MG1655 in rich media (LB) plus exogenously added ethanol for ~80 generations. The population was serially diluted ~1,000X into fresh media every 24 hours. The initial ethanol concentration was 4.5% (v/v) and was increased in increments of 0.5% every transfer until reaching the final concentration of 7.5% (v/v), which was used for all subsequent transfers. ETM is capable of growth in 7% v/v ethanol; the wild-type parental strain stops growing at 6%. 

We used ADAM to discover the underlying adaptive mutations in this new isolate. Using the marked P1vir lysate from the wild-type transposon library, we generated a KanR library in the ETM background. We then grew samples of this population in LB (non-selective) or LB plus 6.5% ethanol (selective media) for ~30 generations. ADAM discovered four genomic regions with significant depletion scores (Supplementary Figure 2). We then identified the underlying mutations by PCR amplification and sequencing of the ten genes on either side of each region’s maximum depletion score (Supplementary Table 1). 

In each region, the parental and evolved strains differed by a single mutation. In the locus with the most significant score, transcription termination factor rho had a mismatch mutation in its coding region. In another area, cadB, which codes for a cadaverine/lysine APC exchanger that is part of the acid tolerance response


3 ADDIN EN.CITE , had a single nucleotide insertion in its coding region. A recent study has shown that the downregulation of Rho affects anaerobic metabolism enzymes and acid tolerance proteins in E. coli


4 ADDIN EN.CITE , both of which reportedly affect ethanol tolerance2 (also Goodarzi et al., manuscript in preparation). In the final two regions, htrE, which codes for a putative outer membrane porin


5 ADDIN EN.CITE , and kefB, which codes for a component of the glutathione-gated K+ efflux system


6 ADDIN EN.CITE , had a single nucleotide insertion and a nucleotide mismatch respectively (Supplementary Table 1). The functional diversity of the identified mutations further highlights the complexity of ethanol tolerance and the capacity of ADAM to identify functional mutations caused by different mechanisms.

In order to validate the fitness effects of these mutations, we individually swapped each of the mutated alleles with that of wild-type (ETM-X* strains in Supplementary Table 4). (See construction details below.) Then, each mutation-corrected (ETM-X*) strain was competed against ETM-(lacZ in LB plus 6.5% ethanol (v/v). As shown in Supplementary Table 3, rho* has the most substantial contribution to ethanol tolerance, followed by cadB*, htrE*, and kefB*. These fitness effects match the magnitude of the depletion score at each locus (Supplementary Table 3) suggesting that stronger mutations result in higher depletion scores.  
Competitions were started by mixing 1/2,000 volume of LB-grown, overnight cultures of each competitor into fresh media. The selection index (R) was calculated as the number of generations passed for the mutation-corrected strain for every generation of ETM:


[image: image7.wmf], where [A] is the frequency of strain A in the culture.  

Concentrations were measured by plating dilutions on MacConkey plates7.
The data shown came from competition assays limited to ~10 generations (18 hours of shaking at 37°C). However, prolonging the experiment by diluting into fresh media resulted in more significant p-values without a substantial change in the selection indices (data not shown). Deletion of the lacZ locus, in order to allow competitors to be easily distinguished, did not affect the ethanol tolerance of ETM (Supplementary Table 3).
Our results demonstrate that ADAM can efficiently discover adaptive mutations in complex backgrounds where many individual loci contribute to the fitness increase. It should also be noted that we sequenced 11-gene regions in areas with weaker scores that failed to satisfy our empirically determined statistical threshold (ykgC-betT, slp-gadA and nanM-fimH). The absence of mutations in these regions demonstrated the high specificity of our approach. On the other hand, the discovery of mutations with relatively small effects (e.g., cadB* and kefB*) highlights ADAM’s high sensitivity.  

Construction of strains to analyze the ETM mutations

Each of the four identified mutations in ETM was individually corrected. For each mutation, a kanamycin resistance cassette was inserted close to the mutated locus in the wild-type background8. The inserted marker was then transferred to the ETM background through P1vir general transduction resulting in the correction of the nearby mutation. For comparison, kanamycin resistance cassettes were introduced into a (lacZ version of the ETM strain in the same location. Prior to testing, the kanamycin cassettes were removed from the strains using FLP recombinase, which left minor, but identical scars8. Sequences of primers used in strain construction and testing are provided in Supplementary Table 5.  
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