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Materials and Methods 
 
Strains and plasmids 
E. coli strains used in this study are derived from K-12 MG1655 (38) and K-12 BW25113 
(39, 40). The strains JW0451-2 (ΔacrB) and JW2703-2 (ΔmutS) were obtained from the 
Keio collection (40). The kanamycin resistance marker gene was removed from the Keio 
collection strains using the pCP20 plasmid (39). The S. Typhimurium LT2 strain is derived 
from Ref. (41). The original strain contained a temperature sensitive plasmid pKD46. This 
plasmid was removed by growing bacteria for two overnight cycles at 42°C and loss of the 
plasmid was verified by plating on carbenicillin.  
 
All plasmids described below were constructed using the Gibson assembly method (42). 
 
Plac-acrAB 
The plasmid overexpressing acrAB from an inducible lacUV5 promoter was obtained from 
Ref. (43). 
 
Plac-acrAB F610A 
Modification of the 610th amino acid in acrB (19) was realized using site directed 
mutagenesis using the primers GCAGCCGTTAACGGCTTCG and CACCGA 
CTCAACGTTGTTCTT. The plasmid overexpressing the catalytically compromised 
acrAB F610A from an inducible lacUV5 promoter was then introduced in the ΔacrB strain. 
 
Plac-cfp 
The cfp gene tagged with an ssrA tag described in Ref. (5) was cloned into the medium-
copy (SC101) origin, carbenicillin and kanamycin resistant vectors pBbA5a and pBbA5k 
(44) using the primers ATGACTAGCAAAAGAAGC and CTATTACGCTGCAAGGG.  
 
PacrAB-rfp + PmutS-yfp 
The mutS promoter region was amplified from the E. coli chromosome using the primers 
GCGTACTTGCTTCATAAGCATCA and ACATGATACCGGAGTTAATCA. The 
acrAB promoter region was amplified using GCCAGTAGATTGCACCGCG and 
TCGTGCTATGGTACATACATTCACA (32). The promoter sequences were cloned 
upstream of yfp and rfp from Ref. (45) and inserted into a vector with SC101 origin and 
kanamycin resistance from Ref. (44).  
 
PacrAB-acrAB-rfp + PmutS-mutS-yfp 
The acrAB operon with linker from Ref. (7) was inserted in the double color plasmid PacrAB-
rfp + PmutS-yfp described above using the primers TCCCTGTCCTTTGTTACCGG and 
ATGAACAAAAACAGAGGGT. The PmutS promoter and mutS gene were then inserted 
with the same linker as used in acrAB-rfp into the plasmid PacrAB-acrAB-rfp + PmutS-yfp 
using the primers GCGTACTTGCTTCATAAGCATCACGCA and 
CACCAGGCTCTTCAAGCGATAAATCCA to obtain the final translational fusion 
construct. The C-terminal fusion of AcrAB-RFP is based on Ref. (7) and the C-terminal 
fusion of MutS-YFP is based on Ref. (21). 
 



 
 

3 
 

Pconst-rfp + PmutS-yfp 
The PacrAB promoter was replaced with a constitutive promoter from Ref. (46) using the 
primers GTGTCCCTCTCGATGGCTG and TTATCAAAAAGAGTATTGACA. 
Specifically, the promoter used here is a variant of the σ70 consensus sequence: 
TTATCAAAAAGAGTATTGACATAAAGTCTAACCTATAGGAGTATTACAGCCA
TC where the +1 transcriptional start site is shown in bold and the -10 and -35 regions are 
underlined. 
 
PacrAB-rfp + Pconst-yfp 
The PmutS promoter was replaced with the constitutive promoter described above using the 
primers TTATCAAAAAGAGTATTGACA and GTGTCCCTCTCGATGGCTG. 
 
PmarA-cfp 
The plasmid containing the promoter of the marRAB operon with the ssrA tagged CFP gene 
was obtained from Ref. (5). 
  
Pconst-cfp 
The constitutive promoter was obtained from Ref. (47) and was cloned on the low-copy 
(SC101) origin, kanamycin resistant vector pBbS5k harboring ssrA tagged CFP from Ref. 
(5). 
 
Plac-marA 
The marA sequence was amplified from E. coli MG1655 genomic DNA (5). This sequence 
was then cloned into the medium copy (p15A) origin, carbenicillin resistant vector pBbA5a 
(44).  
 
Spontaneous mutation frequency 
Overnight cultures were inoculated from single colonies in Luria Bertani (LB) medium 
with 30 μg/ml kanamycin or 100 μg/ml carbenicillin as required for reporter plasmid 
maintenance. The control strains without acrAB overexpression contained an equivalent 
plasmid expressing CFP (Plac-cfp) in place of acrAB. Overnight cultures were diluted 
1:1,000,000 and incubated at 37°C with shaking until mid-exponential phase (OD600nm = 
1.3). This extreme dilution minimizes the presence of pre-existing stationary phase 
mutants. The total number of colony forming units per ml (CFU/ml) was determined by 
plating on LB agar.  To count mutants, cells were centrifuged and plated on LB agar with 
100 μg/ml rifampicin, 0.1 μg/ml ciprofloxacin, 6 μg/ml tetracycline, or 5 μg/ml 
chloramphenicol. LB plates were incubated 24 hours at 37°C and selective plates were 
incubated 48-72 hours at 37°C (48). The mutation frequency was then determined as the 
CFU/ml on LB + selective antibiotic agar plates divided by the CFU/ml on LB agar 
plates. We used the Mann-Whitney rank sum test to determine statistical significance. 
 
For S. Typhimurium LT2, overnight cultures were diluted 1:10,000 and incubated at 37°C 
with shaking until mid-exponential phase. A lower dilution was used in these experiments 
because acrAB expression increased the time for cells to reach mid-exponential phase in 
Salmonella relative to E. coli. Two hours before plating cells, we added 15 μM IPTG to 
the cultures to induce acrAB expression.  
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Calculating mutation rates 
Mutation rates were calculated based on the Ma–Sandri–Sarkar maximum-likelihood 
method (49) using the FALCOR web tool (50).  
 
Determination of the minimum inhibitory concentration 
Overnight cultures were diluted and incubated at 37°C for 4 hours with shaking. Cells were 
then diluted 1:100 and incubated with increasing concentrations of ciprofloxacin, 
tetracycline, or chloramphenicol at 37°C for 20 hours with shaking. The minimum 
inhibitory concentration was determined as the concentration of antibiotic where no visible 
growth was observed. For the disc diffusion method, overnight cultures were diluted and 
incubated until exponential phase. They were then plated homogeneously on LB plates 
using sterile swabs and ciprofloxacin disc (5 μg/ml OxiodTM) were placed on top. Plates 
were then incubated overnight to observe growth inhibition, as indicated by the size of the 
zone of clearance surrounding the disc. 
 
Single-cell fluorescence and time-lapse microscopy 
Cultures were inoculated from single colonies in LB medium with 30 μg/ml kanamycin or 
100 μg/ml carbenicillin, where required for plasmid maintenance. Overnight cultures were 
diluted 1:100 and incubated at 37°C with shaking until mid-exponential phase (OD600nm = 
1.3). Cells were then placed on 1.5% MGC low melting temperature agarose pads. MGC 
is M9 minimal medium containing 0.2% glycerol, 0.01% casamino acids, 0.15 μg/ml 
biotin, and 1.5 μM thiamine. Cells were then imaged at 100× using a Nikon Instruments 
Ti-E microscope. Phase contrast, YFP, and RFP images were taken. For the movies, the 
temperature of the microscope chamber was held at 32°C for the duration of the 
experiment and images were collected every 5 minutes. Image analysis and growth rate 
measurements were done using the SuperSegger Matlab-based cell segmentation program 
(51). Growth of single cells is exponential (52), thus, we calculated growth rate as the 
natural log of the ratio of the length of the cell at the end of the lineage to its length at the 
start of the lineage, divided by the length of the lineage in minutes.  
 
Fluorescent activated cell sorting  
A BD FACSAria II instrument and a BD FACSAria III instrument equipped with a 405 
nm laser and a 70 μm nozzle (70 psi) were used. After growing E. coli strains containing 
PmarA-cfp or Pconst-cfp until mid-exponential phase (OD600nm = 1.3), cells were subjected to 
sorting. A neutral density-1 filter was used to collect the FSC signal, and the CFP 
fluorescence signal was collected using a 525/50 bandpass filter. Cells were sorted based 
on intensity of the CFP signal. An E. coli strain without a plasmid was used as a control to 
set up a negative/positive gate. A total of 500,000 cells (corresponding to the lowest and 
highest ~10% of the population) were collected to generate ‘low’ and ‘high’ sub-
populations and were then grown until mid-exponential phase at 37°C in LB with shaking. 
Cells were then diluted and plated on LB and LB + 100 μg/ml rifampicin agar plates. We 
used the Mann-Whitney rank sum test to determine statistical significance. Data were 
acquired using BD FACSDiva software v8.0.1 and analyzed with FlowJo software version 
10 (FlowJo, LLC, Ashland, OR). 
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Supplementary Text 
 
MarA overexpression leads to elevated mutation frequencies via AcrAB   
Using fluorescence-activated cell sorting, we sorted wild type E. coli into subpopulations 
with low and high MarA expression using a cyan fluorescent protein reporter, PmarA-cfp (5) 
(Fig. S8A). Within a population of wild type cells we observed a correlation between marA 
expression and the spontaneous mutation frequency (Fig. S8B). We found that cells from 
the top ~10% of marA expression levels had higher mutation frequencies than those from 
the bottom ~10% (Fig. S8B). As a negative control, we performed the same experiment 
with cells containing a constitutive promoter, Pconst-cfp, and found similar mutation 
frequencies in the top and bottom ~10% of sorted cells (Fig. S8C). This result shows that 
pre-existing variability in marA predisposes bacteria to different mutation rates. To confirm 
this effect at the population level, we introduced a plasmid containing marA in E. coli. We 
found higher mutation frequencies in the strain overexpressing marA than in wild type cells 
(Fig. S8D).  

 
MarA controls over 60 downstream genes in addition to acrAB (29), therefore we asked 
whether MarA itself or other genes besides acrAB play a role in increasing the mutation 
frequency. When we complemented the ΔacrB mutant with a plasmid overexpressing 
marA we did not find a significant increase in mutations (Fig. S8E). Thus, the increase in 
mutation frequency when MarA is overexpressed depends predominantly on AcrAB. 
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Fig. S1. Minimum inhibitory concentration measurements. (A-C) Minimum inhibitory 
concentration of (A) ciprofloxacin, (B) tetracycline, and (C) chloramphenicol for ΔacrB, 
wild type, and ΔacrB complemented with a plasmid overexpressing acrAB. Error bars ± 
SEM, n = 3 biological replicates. Dashed lines show antibiotic concentrations used for 
mutation assays in Fig. 1D, which are above the minimum inhibitory concentrations of all 
strains. (D-F) Ciprofloxacin resistance test using antibiotic discs where size of zone of 
clearance indicates level of antibiotic resistance (smaller = more resistant). Scale bar, 1cm. 
(D) ΔacrB and (E) ΔacrB complemented with a plasmid overexpressing acrAB for strains 
from before the ciprofloxacin mutation assay. (F) Representative examples of mutant 
strains isolated from the ΔacrB + acrAB mutation assay. These strains exhibit higher 
antibiotic resistance than the parent strain. The ΔacrB and wild type strains contain an 
equivalent plasmid expressing cfp in place of acrAB. 
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Fig. S2. Mutation frequency and minimum inhibitory concentration data for 
catalytically compromised AcrB. (A) Rifampicin mutation frequency in ΔacrB E. coli 
with and without acrAB overexpression. n ≥ 7 biological replicates. Blue bars show the 
median values, grey boxes indicate the interquartile range, and whiskers show the 
maximum and minimum values. Box plot raw data, Fig. S9B. Strain without acrAB 
overexpression contains an equivalent plasmid expressing cfp in place of acrAB F610A. 
Differences between two strains are not statistically significant, Mann-Whitney rank sum 
test. (B-D) Minimum inhibitory concentration of (B) ciprofloxacin, (C) tetracycline, and 
(D) chloramphenicol verifying loss of antibiotic resistance in the catalytically 
compromised AcrB F610A mutant. The ΔacrB and wild type strains contain an equivalent 
plasmid expressing cfp in place of acrAB. Error bars ± SEM, n = 3 biological replicates. 
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Fig. S3. Inverse relationship between PacrAB and PmutS expression in ΔacrB 
complemented with a plasmid overexpressing acrAB. (A) Fluorescence microscopy 
image of ΔacrB complemented with a plasmid overexpressing acrAB containing the 
reporter double color PacrAB-rfp + PmutS-yfp. Scale bar, 2µm. (B) RFP fluorescence levels 
reflecting acrAB promoter activity versus YFP fluorescence levels reflecting mutS 
promoter activity. Each dot corresponds to one cell. (C) Negative control with PacrAB-rfp + 
PmutS-yfp reporter in ΔacrB complemented with a plasmid overexpressing cfp instead of 
acrAB.  
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Fig. S4. Constitutive reporter controls. (A) RFP fluorescence levels reflecting acrAB 
promoter activity versus YFP fluorescence levels reflecting mutS promoter activity. (B) 
Equivalent experiments to (A), but with PmutS replaced by a constitutive promoter Pconst. 
(C) Equivalent to (A), but with PacrAB replaced by Pconst. R2 values for a linear regression 
are noted in the top corner of each plot. Note that the reciprocal relationship observed in 
the PacrAB-rfp vs. PmutS-yfp data is not present in the controls. Fluorescence data are 
background subtracted. Each dot corresponds to one cell.  
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Fig. S5. Spontaneous rifampicin mutations in the ΔmutS strain. Rifampicin mutation 
frequency in ΔmutS strain with and without a plasmid overexpressing acrAB. Strain 
without acrAB contains the same plasmid expressing cfp in place of acrAB. Blue bars show 
the median values, grey boxes indicate the interquartile range, and whiskers show the 
maximum and minimum values for n = 11 biological replicates. Differences between two 
strains are not statistically significant, Mann-Whitney rank sum test. Mutation rates per 
generation are listed in Table S1. Raw data for the box plots are shown in Fig. S9C.  
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Fig. S6. Overexpression of acrAB decreases total cell counts. Colony forming units per 
milliliter (CFU/ml) for the following strains: (A) wild type with a plasmid overexpressing 
cfp and wild type with a plasmid overexpressing acrAB and (B) ΔacrB with a plasmid 
overexpressing cfp and ΔacrB with a plasmid overexpressing acrAB. Blue bars show the 
median values, grey boxes indicate the interquartile range, and whiskers show the 
maximum and minimum values. The differences in CFU/ml are statistically different in 
strains overexpressing acrAB (P < 0.001 for wild type and P < 0.01 for ΔacrB by Mann-
Whitney rank sum test). Raw data for the box plots are shown in Fig. S9D. Data come from 
n ≥ 8 biological replicates. 
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Fig. S7. AcrAB-RFP and MutS-YFP translational fusions. (A) Time-lapse microscopy 
images of wild type cells expressing the translational fusion PacrAB-acrAB-rfp + PmutS-mutS-
yfp. Cells were imaged over 75 minutes in YFP and RFP channels (Movie S2). Scale bar, 
2µm. (B) PacrAB-acrAB-rfp versus PmutS-mutS-yfp. Each dot corresponds to one cell. The 
purple dots correspond to cells whose growth rate falls in the bottom 10% of those 
measured. Fluorescence data are background subtracted.  
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Fig. S8. Pre-existing cell-to-cell variation in marA expression correlates with 
spontaneous mutations. (A) Schematic illustrating the two fractions of cells sorted based 
on low and high PmarA-cfp expression. (B) Rifampicin mutation frequency in sorted cells 
containing low and high levels of CFP expressed from the marA promoter. (C) Rifampicin 
mutation frequency in sorted cells containing low and high levels of CFP expressed from 
a constitutive promoter. For (B-C) white bars show the median values, shaded boxes 
indicate the interquartile range, and whiskers show the maximum and minimum values. 
Data come from n ≥ 6 biological replicates. (D) Rifampicin mutation frequency in E. coli 
wild type cells with and without a plasmid overexpressing marA. Cells without marA 
overexpression contain an identical plasmid with cfp in place of marA. Data come from n 
≥ 8 biological replicates.  (E) Rifampicin mutation frequency in E. coli ΔacrB with and 
without a plasmid overexpressing marA from n ≥ 8 biological replicates. Mutation 
frequencies are not significantly different, Mann-Whitney rank sum test. For (D-E) blue 
bars show the median values, grey boxes indicate the interquartile range, and whiskers 
show the maximum and minimum values. Mutation rates per generation are listed in Table 
S1. Raw data for the box plots are shown in Fig. S9E. Mutation rates per generation are 
listed in Table S1. * = P < 0.05, one-tailed Mann-Whitney rank sum test. 
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Fig. S9. Raw data from box plots. Raw data from the box plots in (A) Fig. 1, (B) Fig. S2, 
(C) Fig. S5, (D) Fig. S6, and (E) Fig. S8. 
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Table S1. 
Mutation rates per generation for rifampicin.  

Table S2. 
Mutations in the rpoB gene from colonies isolated on rifampicin.  
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Movie S1 
Time-lapse movie showing cell-to-cell variability in acrAB expression, mutS 
expression, and growth in wild type cells. Images were taken every 5 mins. Scale bar, 
2µm. RFP levels showing acrAB promoter activity are indicated in magenta, YFP levels 
showing mutS promoter activity are indicated in green.  

Movie S2 
Time-lapse movie showing cell-to-cell variability in AcrAB-RFP, MutS-YFP, and 
growth. Images were taken every 5 mins. Scale bar, 2µm. RFP levels are indicated in 
magenta, YFP levels are indicated in green. 

Movie S3 
Time-lapse movie showing cell-to-cell variability in acrAB expression, mutS 
expression, and growth in the ΔacrB strain. Images were taken every 5 mins. Scale bar, 
2µm. RFP levels showing acrAB promoter activity are indicated in magenta, YFP levels 
showing mutS promoter activity are indicated in green. 
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