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ABSTRACT Persisters represent a small subpopulation of cells that are tolerant of killing
by antibiotics and are implicated in the recalcitrance of chronic infections to antibiotic
therapy. One general theme has emerged regarding persisters formed by different bacterial
species, namely, a state of relative dormancy characterized by diminished activity of antibi-
otic targets. Within this framework, a number of studies have linked persister formation to
stochastic decreases in energy-generating components, leading to low ATP and target activ-
ity. In this study, we screen knockouts in the main global regulators of Escherichia coli for
their effect on persisters. A knockout in integration host factor (IHF) had elevated ATP and
a diminished level of persisters. This was accompanied by an overexpression of isocitrate
dehydrogenase (Icd) and a downregulation of isocitrate lyase (AceA), two genes located at
the bifurcation between the tricarboxylic acid (TCA) cycle and the glyoxylate bypass. Using
a translational ihfA-mVenus fusion, we sort out rare bright cells, and this subpopulation
is enriched in persisters. Our results suggest that noise in the expression of ihf produces
rare cells with low Icd/high AceA, diverting substrates into the glyoxylate bypass, which
decreases ATP, leading to antibiotic-tolerant persisters. We further examine noise in a
simple model, the lac operon, and show that a knockout of the lacl repressor increases
expression of the operon and decreases persister formation. Our results suggest that noise
quenching by overexpression serves as a general approach to determine the nature of
persister genes in a variety of bacterial species and conditions.

IMPORTANCE Persisters are phenotypic variants that survive exposure to antibiotics
through temporary dormancy. Mutants with increased levels of persisters have been
identified in clinical isolates, and evidence suggests these cells contribute to chronic
infections and antibiotic treatment failure. Understanding the underlying mechanism
of persister formation and tolerance is important for developing therapeutic approaches
to treat chronic infections. In this study, we examine a global regulator, IHF, that plays a
role in persister formation. We find that noise in expression of IHF contributes to persister
formation, likely by regulating the switch between the TCA cycle that efficiently produces
energy and the glyoxylate bypass. We extend this study to a simple model lac operon
and show that when grown on lactose as the sole carbon source, noise in its expression
influences ATP levels and determines persister formation. This noise is quenched by over-
expression of the lac operon, providing a simple approach to test the involvement of a
gene in persister formation.

KEYWORDS IHF, global regulator, metabolism, noise, persistence

wo different types of mechanisms allow bacteria to evade killing by antibiotics: genetically

encoded resistance (1) and phenotypic tolerance conferred by persister cells (2). Several
lines of evidence point to persisters as a major culprit of drug-tolerant infections. Most chronic
infections, such as those associated with biofilms, are actually caused by pathogens that are
susceptible to antibiotics. Biofilms protect pathogens from the large components of the
immune system, and the persister cells they harbor survive antibiotic treatment (3). The result
is a relapsing chronic infection. Treatment of a biofilm infection of Staphylococcus aureus in a
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mouse model with regular antibiotics leaves a substantial population of live bacteria (4). These
can be eliminated by ADEP4, a dysregulator of the Clp protease (4, 5), or with a membrane-
acting retinoid compound (6). Further linking persisters to disease are findings of high-
persister mutants among clinical isolates from patients with chronic infections caused by
Pseudomonas aeruginosa, Mycobacterium tuberculosis, and Escherichia coli (7-10). Notably, the
host environment favors a transition into a drug-tolerant state. For example, entrance of
Salmonella into macrophages induces persister formation (11), and a general shift into a non-
replicating, drug-tolerant state is observed in M. tuberculosis residing in hypoxic granulomas
(12-15). Apart from recalcitrance of chronic infections, additional significance of tolerance lies
in its link to antibiotic resistance. Selection for increased tolerance can favor subsequent devel-
opment of resistance in E. coli and S. aureus (16-18). This relationship was not observed in
P. aeruginosa from patients with cystic fibrosis (10) and is likely dependent on the species
of pathogen and its growth conditions. However, in all cases of chronic infection, a large
lingering population of pathogen is fertile ground for the acquisition of resistance (19).

Given the importance of persisters in infectious diseases, there has been considerable inter-
est in understanding the mechanism of their formation and the linked problem of antibiotic
tolerance. Since bactericidal antibiotics act by corrupting their targets, we proposed that target
inactivity in persisters is the mechanistic basis of tolerance (20, 21). In E. coli, which has served
as a model for persister studies, there is at least one case for which there is good understand-
ing of the mechanism of target shutdown. In the presence of fluoroquinolones that damage
DNA, SOS response is activated and turns on expression of the TisB toxin. TisB is an endoge-
nous antimicrobial peptide that forms a membrane channel (22), leading to a decrease in pro-
ton-motive force, ATP, target shutdown, and multidrug tolerance (22-24). The action of TisB
can be replicated by artificially applying an uncoupler, CCCP (23), or depleting ATP with arse-
nate (25, 26); in both cases, this produces tolerance of antibiotics. These experiments show
that low energy/low ATP can be causal to persister formation.

In cells not expressing TisB, noise in the expression of energy-generating components
could lead to persisters. Indeed, sorting on the basis of GFP translational fusions showed
that the dim population, cells with low levels of tricarboxylic acid (TCA) enzymes, was enriched
in persisters (27, 28).

In this study, we sought to investigate the role of global regulators in persister formation in
E. coli. Global regulators control multiple functions, and noise in their gene expression may
result in low expression of downstream persister genes, leading to persister formation. In E.
coli a handful of transcriptional regulators directly control expression of 51% of genes (29).
These regulators include FNR, IHF, FIS, ArcA, Narl, and Lrp (30, 31). FNR senses oxygen levels
(32-34), while ArcA is part of a two-component system (TCS) that senses the redox state of
the respiratory chain (35). These regulators are most important under anaerobic conditions
and regulate genes involved in the transition from aerobic to anaerobic growth (36). IHF, HNS,
and FIS are all structural proteins that respond specifically to the level of DNA supercoiling,
which is a reflection of the overall energy state of the cell (37-41). NarL, part of another TCS,
senses nitrate levels (42-45), while Lrp senses L-leucine levels in the cell (46-48).

Several global regulators had been previously linked to persister formation (49-52).
In this study, we extend the examination of global regulators with a focus on the con-
trol of energy-producing components. We show that IHF controls the expression of iso-
citrate lyase, the first step in the glyoxylate bypass, as well as isocitrate dehydrogenase,
a key enzyme in the TCA cycle, and noise in IHF leads to persister formation.

RESULTS

To identify global regulators involved in persister formation, we examined survival of E.
coli knockout strains challenged with antibiotic. Single-gene deletions of global regulators
narl, Irp, ihfA, ihfB, far, arcA, arcB, fis, or hns from the Keio collection (53) were moved into
the MG1655 background via P1 phage transduction. Strains were grown to stationary phase
and challenged with a high dose of ciprofloxacin. The level of persisters strongly depends on
the density of a growing culture, reaching a maximum at stationary phase of growth (54). We
therefore chose to examine survival at stationary phase for a more reliable comparison among
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FIG 1 Effect of global regulators on cell survival. (A) Survival of global regulator knockouts challenged with ciprofloxacin. E.
coli was grown to stationary phase in LB broth (LBB). Ciprofloxacin was added at 10 wg/ml and, after 24 h, plated for CFU.
AihfA (P < 0.05) and Afis (P < 0.01) strains were found to have a significant difference in survival. Significance in survival
among strains was determined by the Kruskal-Wallis multiple-comparison test. (B) Survival of wild-type and AihfA strains
challenged with different antibiotics. Cultures were grown to stationary phase, challenged with ciprofloxacin at 10 wg/ml,
gentamicin at 50 wg/ml, or ampicillin at 100 wg/ml, and, after 24 h, plated to enumerate CFU. The AjhfA strain had a
significant decrease in percent survival compared to the wild type for all classes of antibiotics, as determined by a Mann-
Whitney test (P < 0.05). Represented are the averages from two independent experiments performed in biological triplicate.
Error bars represent standard errors of the means (SEM).

the various knockout strains. Stationary-phase cultures were challenged with a lethal dose of
ciprofloxacin (10 wg/ml) that kills regular cells (23), and after 24 h, surviving persisters were
enumerated by colony count.

Of the mutants tested, a deletion in ihfA (and, to a lesser extent, ihfB) coding for the
alpha subunit of integration host factor (IHF) and an fis knockout had significantly
decreased survival after treatment with ciprofloxacin (Fig. 1A). An FIS deletion was previously
identified as having a decreased persister level in Salmonella (51). It was reported that cells
lacking fis had decreased survival compared to the wild type and increased expres-
sion of several genes associated with glutamate transport. The fis deletion strain was
shown to have increased intracellular glutamate levels compared to the wild type,
and when the promoter region of the glutamate transporter operon was deleted in a
Afis background, the resulting strain had increased survival. It was therefore proposed
that fis modulates persister levels through regulation of glutamate transport in Salmonella
(51). IHF had been previously reported to have an impact on persister levels (49, 52), but
the mechanism by which it affects tolerance is unknown. We therefore sought to study
the link between IHF and persisters. First, we tested additional antibiotics and found that
the AihfA strain had decreased survival in the presence of gentamicin and ampicillin as
well (Fig. 1B).
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FIG 2 Persister levels of jhf mutants correlate with ATP. Strains were grown to stationary phase in minimal medium with
different carbon sources. (A) Effects of ihf deletions on survival. Stationary-phase cultures were challenged with
ciprofloxacin at 10 wg/ml. Persister levels were determined by plating and colony counting. AihfA and AjhfB strains had

significantly decreased survival compared to the wild type when grown on succinate (P < 0.005) or

pyruvate (P < 0.05).

Statistical significance between the wild type and mutants was determined using analysis of variance (ANOVA) followed
by Sidak’s multiple-comparison test. (B) ATP levels of ihf deletion strains. ATP was measured in the bulk of the population
using the BacTiter-Glo luciferase assay. This figure represents the average from two independent experiments performed

in biological triplicate. Error bars represent SEM.

To simplify analysis, the ihfA and ihfB mutants were retested in defined minimal media
with either glucose, succinate, or pyruvate as the single carbon source. These carbon sources
were chosen as they enter central metabolism at three different points, glycolysis, late TCA
cycle, and early TCA cycle, respectively. When grown on glucose, there was no difference in
survival between the wild type and mutants; however, in media with succinate or pyruvate,
the deletion mutants had a decreased level of persisters, comparable to that of cultures
grown in the LB broth (LBB) medium (Fig. 2A). It has been reported that persisters have
decreased ATP levels (25, 26); therefore, we determined the ATP levels in stationary-phase
cells of the mutants using the BacTiter-Glo luciferase assay (Fig. 2B). In general, there was an
increase in ATP level in the ihfA and ihfB deletion mutants. ATP levels had an opposite corre-
lation with survival, and an increase in ATP was most pronounced in media with succinate
and pyruvate. Higher levels of ATP support the activity of targets, diminishing tolerance to
antibiotics (26). Our results therefore are in good agreement with previous studies showing
an inverse relationship between ATP and persister levels.

In a medium with succinate or pyruvate, the level of persisters drops 20- to 100-fold
in ihf mutants, showing that formation of the majority of antibiotic-tolerant cells under
these conditions is controlled by the IHF global regulator. Persisters in the wild type under
the same conditions constitute approximately 5% of the total population (Fig. 2A), sug-
gesting that they form stochastically. We reasoned that noise in the expression of ihf may

January/February 2022 Volume 13 Issue 1 e03420-21

mBio’

mbio.asm.org 4


https://mbio.asm.org

IHF in Escherichia coli Persister Formation

A.

ihfAp

IhfA

linker

0.4% Glucose

mVenus

mBio’

C.

0.4% Succinate

3.0K

3.0K
o 20K+ . 20K-
c ] c
3 3
o o
(3] 1 (3]
1.0K = 1.0K
: Dim Bright Dim Bright
0] 0.
10" 102 10° 10* 10° 10" 102 10° 10* 10
21 FITC-A 21 FITC-A
% %k

log % Survival
log % Survival

-

-
1- 1-
0 0

Dim Bright Bulk Dim Bright Bulk

Count

D.

0.4% Pyruvate

2.5K

2.0K

1.5K

1.0K -

5007 Bright

log % Survival

Dim Bright Bulk

FIG 3 Sorting of cells with high and low expression levels of IhfA-mVenus. (A) Schematic of ihfA-mVenus translational fusion. (B to D) Fluorescence
distribution of ihfA-mVenus reporter in medium with various carbon sources. (E) Percent survival of the dim and bright fractions as well as the bulk of the
culture. A significant decrease in survival was seen in the dim fraction compared to the bright fraction when the reporter was grown on succinate
(P < 0.005) or pyruvate (P < 0.05). Statistical significance was determined using analysis of variance (ANOVA) followed by Sidak’s multiple-comparison test.
Bars represent averages from two independent experiments performed in biological triplicate. Error bars represent SEM.

be responsible for the formation of the persister subpopulation. In order to test this, we
constructed an ihf expression reporter that could be used to isolate individual cells with
different levels of IHF. A chromosomally encoded ihfA-mVenus translational fusion was
constructed for this purpose (Fig. 3A). The reporter strain was grown to stationary phase
on each of the three carbon sources tested previously, glucose, succinate, and pyruvate,
and challenged with ciprofloxacin. After 24 h of treatment, cells were analyzed by fluores-
cence-activated cell sorting (FACS). There is variation in the expression level of IHF in all
media, showing considerable noise in the expression of the IhfA protein, which will enable
sorting of dim and bright populations (Fig. 3B to D). The distribution was not significantly
different before and after antibiotic treatment (data not shown). To isolate cells with low
and high levels of expression of IhfA, dim and bright cells were gated (Fig. 3B to D) and
sorted onto agar plates. In a culture grown on glucose, there was not an apparent enrich-
ment for persisters in either fraction sorted. When ihfA-mVenus was grown on succinate or
pyruvate, cells expressing low levels of ihfA had significantly decreased survival compared
to the bright cells as well as the bulk of the population (Fig. 3E). These single-cell data are
consistent with results obtained with a bulk culture, where there was no change in survival
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FIG 4 Expression of TCA cycle enzymes in wild-type and IHF mutant backgrounds. (A) Schematic of the TCA cycle. Translational fusions of
key TCA cycle genes were moved into wild-type, AihfA, or AihfB background using P1 transduction. Fluorescence intensity from 100,000
events was collected for each strain in media containing glucose (B), succinate (C), or pyruvate (D). Median fluorescence intensity was
calculated, normalized to the reporter in the wild-type background for all medium conditions and reporters, and graphed.

in glucose but a decrease in survival of the jhf deletion mutants in succinate and pyruvate.
Not surprisingly, deletion produces a stronger decrease in persisters than cells with low
levels of expression of ihf, but in both cases, the global regulator appears to be the main
determinant of persister formation.

Given that an jhfA mutant showed a persister phenotype in media with succinate or
pyruvate, we reasoned that the TCA cycle is involved in IhfA-dependent regulation of
persister formation. According to RegulonDB (55), a number of TCA cycle genes are under the
control of IHF: citrate synthase (gltA), 2-oxoglutarate decarboxylase complex (sucAB), and succi-
nyl-coenzyme A (CoA) synthetase (sucCD). These constitute early (g/tA) and late (sucABCD) TCA
cycle genes or genes involved in the glyoxylate bypass (aceBAK). We next examined whether
expression of these genes was affected in the deletion mutants. For this, mVenus translational
fusions of aceA (isocitrate lyase), sucA, and gltA were moved into wild-type, AihfA, and AihfB
strains via phage transduction. In addition, icd-mVenus (isocitrate dehydrogenase) and pgk-
mVenus (phosphoglycerate kinase) were included as controls for TCA cycle and glycolysis
genes, respectively, that presumably are not regulated by IHF. Cells were grown to stationary
phase in medium containing glucose, succinate, or pyruvate and analyzed by FACS. Median
fluorescence intensity was determined and normalized to expression of each reporter in the
wild-type background. Reporters for pgk, gitA, and sucA in the deletion ihf background dis-
played expression similar to that of wild-type cells; however, there was an increase in icd expres-
sion and a decrease in aceA expression in the deletion mutants (Fig. 4). The decrease in aceA
expression is consistent with the known role of IHF as an activator of this operon (56). We are
not aware of a dedicated study examining possible regulation of icd expression by IHF.
Previous studies have also shown that increased expression of icd results in a decrease in per-
sisters (28). Interestingly, these two enzymes are located at the branch point between the TCA
cycle and the glyoxylate bypass. Our data show that IHF acts as a repressor of icd expression
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FIG 5 Effect of lacl deletion on persister formation. (A) Organization of the lac operon. Lacl is the
repressor of the lac operon. lacZ encodes beta-galactosidase, the enzyme responsible for cleaving
lactose into glucose and galactose. lacY encodes the lactose permease, which imports lactose into
the cell. lacA encodes the galactoside O-acetyltransferase. (B) Cultures were grown to stationary phase in M9
minimal medium supplemented with 1% L-lactose before treatment with ciprofloxacin. The lac/ deletion had
decreased persisters relative to the wild type. Represented are averages from six biological replicates with
error bars quantifying standard deviations. (C) Relative ATP levels for wild-type and mutant strains. Cultures
were grown to stationary phase, and ATP was measured in the bulk of the population using the BacTiter-
Glo luciferase assay. The lacl deletion had significantly increased ATP compared to the wild-type strain
(P < 0.05). Significance was determined using a Mann-Whitney test. Represented are averages from two
independent experiments performed in biological triplicate. Error bars represent SEM.

and activator of the ace glyoxylate bypass. Taken together, our results suggest that noise in the
expression of ihf produces cells with increased levels of this global regulator, which may repress
transcription of a key TCA cycle component, Icd, and simultaneously divert substrates to the
glyoxylate bypass, producing persisters. Deletion of ihf causes a dramatic decrease in persisters,
which is probably due to its dual effect, overexpression of icd and repression of glyoxylate
bypass genes, which will result in increased flux through the TCA cycle.

IHF-governed regulation is highly complex but points to noise quenching, eliminating the
noise in gene expression by overexpression, as a simple method to quantitatively determine
the input of a gene into persister formation. We sought to examine whether noise quenching
is indeed applicable to other genes. For this, we used what is probably the simplest model,
the well-studied lac operon. The operon is regulated by the Lacl repressor, which undergoes a
conformational change when bound to allolactose, the inducer of the operon (57). This results
in dissociation of Lacl from the operator when lactose is present (58). The lac operon is particu-
larly noisy, since the number of Lacl proteins in the cell is low, 10 molecules on average (59).
This favors substantial variation in cell-to-cell levels of expression. For example, even in the ab-
sence of lactose, there are rare individual cells that have no Lacl and full expression of the op-
eron (60, 61). We reasoned that deleting the lacl repressor will eliminate the noise in lactose
catabolism by constitutively overexpressing the rest of the operon. As a result of this overex-
pression, cells will have increased lactose catabolism, which will lead to increased ATP and
decreased persister levels when grown on lactose as the sole carbon source. We constructed
an E. coli lacl deletion strain using allelic replacement (62). The deletion mutant and wild type
were grown to stationary phase in the presence of lactose as the sole carbon source and
assessed for persister and ATP levels. The lacl deletion had decreased persister levels com-
pared to the wild type (Fig. 5B). ATP levels were determined using the luciferase assay, and
lacl deletion was found to have increased ATP levels (Fig. 5C). This experiment suggests that
the majority of persisters in wild-type E. coli under these conditions are rare cells with low
levels of Lac proteins, leading to low ATP and antibiotic tolerance. Overexpression of the Lac
proteins quenches the noise, decreasing the population of rare persister cells with low levels
of these energy-generating components. This experiment also indicates that noise quench-
ing by overexpression can be used as a general approach for identifying persister genes.
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FIG 6 Noise quenching of the melibiose operon. (A) Organization of the melibiose operon. MelR is a
transcriptional activator for the operon, which includes melA, an a-galactosidase, and melB, the
melibiose transporter. (B) AmelR strain survives significantly better than the wild type in stationary
phase (P < 0.05). Cultures were grown to stationary phase in LBB plus 0.2% melibiose before challenge
with ciprofloxacin (n = 9). Significance was determined using a Mann-Whitney test. Represented are
averages from three independent experiments performed in biological triplicate. (C) Overexpression of
melR rescues high survival phenotype. Cultures were grown to stationary phase in LBB plus 0.2%
melibiose plus 0.1% L-arabinose (inducer) before challenge with ciprofloxacin. Represented are averages
from two independent experiments performed in biological triplicate. Error bars represent SEM.

We next sought to apply this concept to additional operons. The melibiose operon
was selected as it has an organizational structure similar to that of the lac operon
(Fig. 6A) and, like Lacl, MelR, the regulator of the operon, has low abundance, with
fewer than 100 copies per cell (63). An important distinction is that MelR is a transcriptional
activator, responsible for turning on expression of the operon rather than a repressor of the
operon. We reasoned that deleting the melR activator will result in increased survival, as
these cells will not be able to express the genes required for the import and breakdown of
melibiose. A single deletion of melR was moved into the MG1655, wild-type background via
P1 phage transduction from the Keio collection (53). The deletion and wild type were grown
to stationary phase in LBB supplemented with melibiose, and persister level was assessed.
The melR deletion had increased survival compared to the wild type (Fig. 6B). This result sug-
gests that a deletion in melR leads to a decrease in expression of melAB, which results in per-
sisters. To further elucidate the effect of noise in the mel operon, melR was cloned into
pBAD33 (64). The resulting plasmid, pBAD33-melR, was transformed into the wild-type and
AmelR strains. Strains were grown overnight with inducer and assayed for survival against
ciprofloxacin. Overexpression of melR in the wild-type and AmelR backgrounds resulted in
survival comparable to that of the wild-type strain carrying the empty vector (Fig. 6C) but
did not decrease survival below this point. This experiment suggests that noise in expression
of MelR is not sufficient to form persisters. This is why overexpression of the operon had
no effect on the level of persisters: if noise is not prominent, there is nothing to quench.
Apparently, noise in the downstream energy-producing pathway leads to persisters in this
case. This is a cautionary tale showing that a persister phenotype observed in a deletion
mutant cannot serve as a sole determinant for a persister gene.

DISCUSSION

Our results identify IHF as an important regulator controlling persister formation in
E. coli. IHF appears to repress isocitrate dehydrogenase (lcd), a key enzyme that lies at
the branch point between the full TCA cycle and the glyoxylate bypass, and simultaneously
activates expression of isocitrate lyase (AceA), the first enzyme of the bypass. This suggests
that IHF redirects the carbon flow away from efficient energy production and into a pathway
that is intended to conserve carbon. Typically, the glyoxylate bypass is activated when E. coli

January/February 2022 Volume 13 Issue 1 e03420-21

mBio’

mbio.asm.org 8


https://mbio.asm.org

IHF in Escherichia coli Persister Formation

is grown on two-carbon substrates, such as acetate or fatty acids, to prevent the loss of car-
bon in the form of carbon dioxide. The cell will divert some of the carbon flux, at the isoci-
trate level, into the glyoxylate bypass to produce energy and four-carbon intermediates that
can be used in other biosynthetic pathways (65). The flip side of this is that cells with lower
levels of IHF will have a more active energy-producing metabolism. Indeed, deletion of ihf
caused an increase in ATP and a concomitant decrease in persister level. These observations
suggested that natural noise in the expression of IHF similarly affects tolerance. Indeed, sorting
of bright cells carrying an ihfA-mVenus translational fusion were enriched in persisters. Notably,
IHF has been described as one of the noisiest global regulators (66). An E. coli promoter fusion
library was used to examine the noise associated with regulatory elements, and IHF had signif-
icantly higher levels of noise than the other sigma factors and transcriptional regulators
assayed. Low levels of IHF will lead to increased expression of lcd and decreased expression
of AceA, which will result in increased flux through the TCA cycle. Notably, IHF has also
been shown to be necessary for efficient colonization of the bladder by uropathogenic E.
coli, most likely due to defects in type 1 piliation (67). IHF appears to regulate both viru-
lence factors and drug tolerance, highlighting its importance for infectious disease.

Noise quenching can serve as an approach to determine the involvement of a gene
in persister formation, and we examined this in a simple model of the lac operon. The Lacl
repressor is present in only 10 copies on average in the cell, leading to considerable cell-cell
variation. A mutant deleted in lac/ showed a considerable decrease in the persister level, sug-
gesting that noise quenching suppresses persister formation.

Candidate persister genes can be determined by a variety of approaches, such as
analysis of knockout mutants or transcriptomes of isolated persisters. Knockouts, however,
do not tell us whether natural noise in that gene is sufficient to produce rare cells with a
persister phenotype. That requires additional investigation, such as single-cell analysis or
noise quenching by overexpression.

The low-energy-level mechanism of persister formation our results point to is consistent
with a large body of literature linking a metabolic downshift to antibiotic tolerance (2, 52, 68).
Such downshift typically occurs in response to an external factor, such as starvation or hy-
poxia. For example, M. tuberculosis cells in a hypoxic granuloma enter into a nonreplicating
drug-tolerant state. This population-wide shift is controlled by the DosR kinase that induces
expression of the triacylglycerol synthase tgs1. Under hypoxia, tgs1 redirects acetyl-CoA to the
synthesis of storage triglycerides, away from the TCA cycle, contributing to a drop in ATP, an-
tibiotic tolerance, and growth arrest (68). This switch resembles the IHF control of the carbon
flux between the TCA cycle and the glyoxylate bypass, similarly affecting antibiotic tolerance.
The immune system can also serve as an active inducer of persistence. As we already men-
tioned, entrance of Salmonella into macrophages causes a sharp increase in persisters (11);
granuloma in tuberculosis is formed by immune cells (12-15). It was recently reported that re-
active oxygen species produced by activated macrophages in vitro and in vivo inhibits the Fe-
sulfur-containing aconitase of the TCA cycle and diminishes ATP of S. aureus, leading to anti-
biotic tolerance (69). Apart from the immune system, other pathogens may affect persister
formation. In a mixed infection, 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) produced by P.
aeruginosa inhibits respiration of S. aureus, leading to drug tolerance (70).

Notably, in these population-wide metabolic downshifts, antibiotic tolerance is usu-
ally incomplete. For example, during DosR-controlled redirection of energy to triglyceride
storage, ciprofloxacin kills 90% of M. tuberculosis cells, and a deletion in tgs7 leads to a
further ~10-fold decrease in antibiotic tolerance. This means that the surviving AtgsT cells
are persisters that are likely produced stochastically.

Not all persisters in a population growing in the absence of external stressors form
through an energy-dependent mechanism. One well-established mechanism is based
on the HipA toxin in E. coli. HipA is a protein kinase (71) that phosphorylates and inhibits
the glu-tRNA synthase, inhibiting protein synthesis (72). Inhibition of protein synthesis is
an effective means to produce multidrug tolerance. For example, bacteriostatic antibiotics
erythromycin (73) and chloramphenicol (74) inhibit translation and lead to tolerance of other
antibiotics, and this is why they are not used in combination with B-lactams. How exactly
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inhibition of translation causes tolerance is unclear, though it probably involves shutdown of
other antibiotic targets by feedback inhibition. A deletion in hipBA has no phenotype in E.
coli, but a gain-of-function hipA7 allele sharply increases persister formation in vitro (75) and,
importantly, in clinical isolates of patients with urinary tract infection (9). In a recent study,
we measured ATP in individual persisters surviving treatment with ampicillin in a microflui-
dics device (28). Most persisters had low ATP levels, but in about 20%, ATP was similar to
regular cells. Linking single-cell analysis of noise in particular genes to antibiotic tolerance
will reveal additional mechanisms of persister formation.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and strain construction. E. coli strains were grown in either
LB broth (Fisher Scientific, USA), morpholine propanesulfonic acid minimal medium (76) supplemented
with 0.4% glucose, 0.4% sodium succinate, or 0.4% sodium pyruvate, M9 minimal medium (Fisher
Scientific, USA) supplemented with 1% lactose and thiamine, or LBB supplemented with 0.2% melibiose as indi-
cated. Cultures were grown at 37°C with shaking at 220 rpm. Strains containing pBAD33-melR were grown in
LBB supplemented with 0.2% melibiose and chloramphenicol at 30 ng/ml to maintain plasmids. melR expres-
sion was induced with 0.1% L-arabinose overnight. MG1655 was used for these studies, and single deletions of
global regulators were transduced from the Keio collection (53). Deletions were confirmed by amplifying
upstream and downstream of the gene of interest. Reporter fusions for gltA, sucA, aceA, icd, and pgk were trans-
duced via P1 phage transduction from the mVenus collection (28).

(i) Construction of ihfA-mVenus. The ihfA-mVenus fusion was constructed as schematized previously
(28). Briefly, the 5-amino-acid linker, mVenus fluorescence protein, and chloramphenicol cassette were ampli-
fied from aceA-mVenus (28) with the primers listed in Table S1 in the supplemental material and contain 50 bp
of homology. The resulting PCR product was inserted into MG1655 using A red recombination as described
previously (62). The fusion was confirmed by amplifying upstream and downstream of the ihfA gene.

(ii) Construction of Alacl. The kanamycin resistance cassette was amplified from the Keio collection
with the primers listed in Table S1 and contains 50 bp of homology to the upstream and downstream
regions of lacl. The amplified cassette was inserted into MG1655 using A red recombination as described
previously (62). The deletion was confirmed by amplifying upstream and downstream of the lac/ gene.

Persister assays. Cultures were grown to stationary phase overnight in 2 ml of the medium indi-
cated in a 14-ml capped culture tube (VWR International), and the starting CFU were plated. Cultures
were challenged with ciprofloxacin at 10 ug/ml, gentamicin at 50 wg/ml, or ampicillin at 100 wg/ml. To
enumerate survivors, 100 ul culture was taken, pelleted by centrifugation, washed with phosphate-buf-
fered saline (PBS), serially diluted, and plated on LB agar plates. Plates were counted after 24 h of growth
to enumerate survivors. Experiments were performed in biological triplicates.

ATP quantification. ATP levels were measured using the Promega BacTiter-Glo microbial cell viabil-
ity assay according to the manufacturer’s instructions; 100 wl culture was used as a working volume for
reading luminescence. Experiments were performed in biological triplicates.

FACS analysis using mVenus reporters. Fluorescence activated cell sorting was performed on a BD
Aria Il flow cytometer (BD Biosciences) with a 70-um nozzle. For sorting experiments, reporters were grown to
stationary phase in media containing various carbon sources and then challenged with ciprofloxacin at 10 ng/
ml for 24 h before sorting. After 24 h, cultures were washed, diluted 1:100, and sonicated. The initial population
of cells was gated by size using forward scatter (FSC) and side scatter (SSC) and then on the basis of green fluo-
rescent protein (GFP) fluorescence (FITC-A) using the FACS Diva software. Gates were set to include the dim-
mest 5% and brightest 5% of the population as well as the bulk of the population. Cells from each population
were then sorted onto LBA plates and incubated at 37°C for 24 h. Colony counts were normalized for expected
colony counts by an untreated sort plate. Percent survival was calculated for dim, bright, and GFP-positive frac-
tions. For analysis of TCA cycle gene fusions, the initial population of cells was gated by size using FSC and SSC.
Fluorescence data from 100,000 events was collected and analyzed using FlowJo software.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, PDF file, 0.03 MB.

ACKNOWLEDGMENTS

We thank Jane Lopilato for the Ahns strain. We thank Sylvie Manuse, Nadja Leimer
and Jane Lopilato for helpful discussions.

This work was supported by grant R0O1 Al141966 from the NIH.

REFERENCES
1. Alekshun MN, Levy SB. 2007. Molecular mechanisms of antibacterial multidrug 2. Lewis K, ed. 2019. Persister cells and infectious disease. Springer Nature,
resistance. Cell 128:1037-1050. https://doi.org/10.1016/j.cell.2007.03.004. Geneva, Switzerland.

January/February 2022 Volume 13 Issue 1 e03420-21 mbio.asm.org 10


https://doi.org/10.1016/j.cell.2007.03.004
https://mbio.asm.org

IHF in Escherichia coli Persister Formation

3.

20.

21.

22.

23.

January/February 2022 Volume 13

Spoering AL, Lewis K. 2001. Biofilms and planktonic cells of Pseudomonas
aeruginosa have similar resistance to killing by antimicrobials. J Bacteriol
183:6746-6751. https://doi.org/10.1128/JB.183.23.6746-6751.2001.

. Conlon BP, Nakayasu ES, Fleck LE, LaFleur MD, Isabella VM, Coleman K,

Leonard SN, Smith RD, Adkins JN, Lewis K. 2013. Activated ClpP kills per-
sisters and eradicates a chronic biofilm infection. Nature 503:365-370.
https://doi.org/10.1038/nature12790.

. Griffith EC, Zhao Y, Singh AP, Conlon BP, Tangallapally R, Shadrick WR, Liu

J, Wallace MJ, Yang L, Elmore JM, Li Y, Zheng Z, Miller DJ, Cheramie MN, Lee RB,
LaFleur MD, Lewis K, Lee RE. 2019. Ureadepsipeptides as ClpP activators. ACS
Infect Dis 5:1915-1925. https://doi.org/10.1021/acsinfecdis.9b00245.

. Kim W, Steele AD, Zhu W, Csatary EE, Fricke N, Dekarske MM, Jayamani E,

Pan W, Kwon B, Sinitsa IF, Rosen JL, Conery AL, Fuchs BB, Vlahovska PM,
Ausubel FM, Gao H, Wuest WM, Mylonakis E. 2018. Discovery and optimi-
zation of nTZDpa as an antibiotic effective against bacterial persisters.
ACS Infect Dis 4:1540-1545. https://doi.org/10.1021/acsinfecdis.8b00161.

. Mulcahy LR, Burns JL, Lory S, Lewis K. 2010. Emergence of Pseudomonas

aeruginosa strains producing high levels of persister cells in patients with cystic
fibrosis. J Bacteriol 192:6191-6199. https://doi.org/10.1128/JB.01651-09.

. Torrey HL, Keren |, Via LE, Lee JS, Lewis K. 2016. High persister mutants in

Mycobacterium tuberculosis. PLoS One 11:€0155127. https://doi.org/10
.1371/journal.pone.0155127.

. Schumacher MA, Balani P, Min J, Chinnam NB, Hansen S, Vulic M, Lewis K,

Brennan RG. 2015. HipBA-promoter structures reveal the basis of heritable mul-
tidrug tolerance. Nature 524:59-64. https://doi.org/10.1038/nature14662.

. Bartell JA, Cameron DR, Mojsoska B, Haagensen JAJ, Pressler T, Sommer

LM, Lewis K, Molin S, Johansen HK. 2020. Bacterial persisters in long-term
infection: emergence and fitness in a complex host environment. PLoS
Pathog 16:21009112. https://doi.org/10.1371/journal.ppat.1009112.

. Helaine S, Cheverton AM, Watson KG, Faure LM, Matthews SA, Holden

DW. 2014. Internalization of Salmonella by macrophages induces forma-
tion of nonreplicating persisters. Science 343:204-208. https://doi.org/10
.1126/science.1244705.

. Zheng H, Colvin CJ, Johnson BK, Kirchhoff PD, Wilson M, Jorgensen-Muga

K, Larsen SD, Abramovitch RB. 2017. Inhibitors of Mycobacterium tubercu-
losis DosRST signaling and persistence. Nat Chem Biol 13:218-225.
https://doi.org/10.1038/nchembio.2259.

. Namugenyi SB, Aagesen AM, Elliott SR, Tischler AD. 2017. Mycobacterium

tuberculosis PhoY proteins promote persister formation by mediating Pst/
SenX3-RegX3 phosphate sensing. mBio 8:00494-17. https://doi.org/10
.1128/mBi0.00494-17.

. Leistikow RL, Morton RA, Bartek IL, Frimpong |, Wagner K, Voskuil MI.

2010. The Mycobacterium tuberculosis DosR regulon assists in metabolic
homeostasis and enables rapid recovery from nonrespiring dormancy. J
Bacteriol 192:1662-1670. https://doi.org/10.1128/JB.00926-09.

. Baker JJ, Johnson BK, Abramovitch RB. 2014. Slow growth of Mycobacte-

rium tuberculosis at acidic pH is regulated by phoPR and host-associated car-
bon sources. Mol Microbiol 94:56-69. https://doi.org/10.1111/mmi.12688.

. Levin-Reisman |, Ronin |, Gefen O, Braniss |, Shoresh N, Balaban NQ. 2017.

Antibiotic tolerance facilitates the evolution of resistance. Science 355:
826-830. https://doi.org/10.1126/science.aaj2191.

. Levin-Reisman I, Brauner A, Ronin |, Balaban NQ. 2019. Epistasis between

antibiotic tolerance, persistence, and resistance mutations. Proc Natl Acad Sci
U S A 116:14734-14739. https://doi.org/10.1073/pnas.1906169116.

. Liu J, Gefen O, Ronin |, Bar-Meir M, Balaban NQ. 2020. Effect of tolerance

on the evolution of antibiotic resistance under drug combinations. Sci-
ence 367:200-204. https://doi.org/10.1126/science.aay3041.

. Levin BR, Rozen DE. 2006. Non-inherited antibiotic resistance. Nat Rev

Microbiol 4:556-562. https://doi.org/10.1038/nrmicro1445.

Keren |, Shah D, Spoering A, Kaldalu N, Lewis K. 2004. Specialized persister
cells and the mechanism of multidrug tolerance in Escherichia coli. J Bac-
teriol 186:8172-8180. https://doi.org/10.1128/JB.186.24.8172-8180.2004.
Lewis K, Manuse S. 2019. Persister formation and antibiotic tolerance of
chronic infections, p 59-75. In Persister cells and infectious disease. Springer, Ge-
neva, Switzerland.

Gurnev PA, Ortenberg R, Dorr T, Lewis K, Bezrukov SM. 2012. Persister-
promoting bacterial toxin TisB produces anion-selective pores in planar
lipid bilayers. FEBS Lett 586:2529-2534. https://doi.org/10.1016/j.febslet
.2012.06.021.

Dorr T, Vulic M, Lewis K. 2010. Ciprofloxacin causes persister formation by
inducing the TisB toxin in Escherichia coli. PLoS Biol 8:e1000317. https://
doi.org/10.1371/journal.pbio.1000317.

Issue 1 e03420-21

24.

25

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

mBio’

Berghoff BA, Hoekzema M, Aulbach L, Wagner EG. 2017. Two regulatory
RNA elements affect TisB-dependent depolarization and persister forma-
tion. Mol Microbiol 103:1020-1033. https://doi.org/10.1111/mmi.13607.

. Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, Clair G,

Adkins JN, Cheung AL, Lewis K. 2016. Persister formation in Staphylococ-
cus aureus is associated with ATP depletion. Nat Microbiol 1:16051.
https://doi.org/10.1038/nmicrobiol.2016.51.

Shan Y, Brown Gandt A, Rowe SE, Deisinger JP, Conlon BP, Lewis K. 2017.
ATP-dependent persister formation in Escherichia coli. mBio 8:€02267-16.
https://doi.org/10.1128/mBi0.02267-16.

Zalis EA, Nuxoll AS, Manuse S, Clair G, Radlinski LC, Conlon BP, Adkins J,
Lewis K. 2019. Stochastic variation in expression of the tricarboxylic acid
cycle produces persister cells. mBio 10:01930-19. https://doi.org/10.1128/mBio
01930-19.

Manuse S, Shan Y, Canas-Duarte SJ, Bakshi S, Sun WS, Mori H, Paulsson J,
Lewis K. 2021. Bacterial persisters are a stochastically formed subpopula-
tion of low-energy cells. PLoS Biol 19:e3001194. https://doi.org/10.1371/
journal.pbio.3001194.

Martinez-Antonio A, Collado-Vides J. 2003. Identifying global regulators
in transcriptional regulatory networks in bacteria. Curr Opin Microbiol 6:
482-489. https://doi.org/10.1016/j.mib.2003.09.002.

Madan Babu M, Teichmann SA. 2003. Evolution of transcription factors
and the gene regulatory network in Escherichia coli. Nucleic Acids Res 31:
1234-1244. https://doi.org/10.1093/nar/gkg210.

Shen-Orr SS, Milo R, Mangan S, Alon U. 2002. Network motifs in the tran-
scriptional regulation network of Escherichia coli. Nat Genet 31:64-68.
https://doi.org/10.1038/ng881.

Salmon K, Hung SP, Mekjian K, Baldi P, Hatfield GW, Gunsalus RP. 2003.
Global gene expression profiling in Escherichia coli K12. The effects of oxy-
gen availability and FNR. J Biol Chem 278:29837-29855. https://doi.org/
10.1074/jbc.M213060200.

Sutton VR, Mettert EL, Beinert H, Kiley PJ. 2004. Kinetic analysis of the oxi-
dative conversion of the [4Fe-4S]2+ cluster of FNR to a [2Fe-2S]2+ cluster. J
Bacteriol 186:8018-8025. https://doi.org/10.1128/JB.186.23.8018-8025.2004.
Kang Y, Weber KD, Qiu Y, Kiley PJ, Blattner FR. 2005. Genome-wide
expression analysis indicates that FNR of Escherichia coli K-12 regulates a
large number of genes of unknown function. J Bacteriol 187:1135-1160.
https://doi.org/10.1128/JB.187.3.1135-1160.2005.

Bekker M, Alexeeva S, Laan W, Sawers G, Teixeira de Mattos J, Hellingwerf
K. 2010. The ArcBA two-component system of Escherichia coli Is regulated
by the redox state of both the ubiquinone and the menaquinone pool. J
Bacteriol 192:746-754. https://doi.org/10.1128/JB.01156-09.

Compan |, Touati D. 1994. Anaerobic activation of arcA transcription in
Escherichia coli: roles of Fnr and ArcA. Mol Microbiol 11:955-964. https://
doi.org/10.1111/j.1365-2958.1994.tb00374.x.

Hsieh LS, Rouviere-Yaniv J, Drlica K. 1991. Bacterial DNA supercoiling and
[ATP]/[ADP] ratio: changes associated with salt shock. J Bacteriol 173:
3914-3917. https://doi.org/10.1128/jb.173.12.3914-3917.1991.

Drlica K. 1992. Control of bacterial DNA supercoiling. Mol Microbiol 6:
425-433. https://doi.org/10.1111/j.1365-2958.1992.tb01486.x.

Hatfield GW, Benham CJ. 2002. DNA topology-mediated control of global
gene expression in Escherichia coli. Annu Rev Genet 36:175-203. https://
doi.org/10.1146/annurev.genet.36.032902.111815.

Dorman CJ. 2004. H-NS: a universal regulator for a dynamic genome. Nat
Rev Microbiol 2:391-400. https://doi.org/10.1038/nrmicro883.

Bradley MD, Beach MB, de Koning APJ, Pratt TS, Osuna R. 2007. Effects of
Fis on Escherichia coli gene expression during different growth stages. Mi-
crobiology (Reading) 153:2922-2940. https://doi.org/10.1099/mic.0.2007/
008565-0.

Gunsalus RP, Kalman LV, Stewart RR. 1989. Nucleotide sequence of the
narl gene that is involved in global regulation of nitrate controlled respi-
ratory genes of Escherichia coli. Nucleic Acids Res 17:1965-1975. https://
doi.org/10.1093/nar/17.5.1965.

Nohno T, Noji S, Taniguchi S, Saito T. 1989. The narX and narlL genes
encoding the nitrate-sensing regulators of Escherichia coli are homolo-
gous to a family of prokaryotic two-component regulatory genes. Nucleic
Acids Res 17:2947-2957. https://doi.org/10.1093/nar/17.8.2947.
Constantinidou C, Hobman JL, Griffiths L, Patel MD, Penn CW, Cole JA,
Overton TW. 2006. A reassessment of the FNR regulon and transcriptomic
analysis of the effects of nitrate, nitrite, NarXL, and NarQP as Escherichia
coli K12 adapts from aerobic to anaerobic growth. J Biol Chem 281:
4802-4815. https://doi.org/10.1074/jbc.M512312200.

mbio.asm.org 11


https://doi.org/10.1128/JB.183.23.6746-6751.2001
https://doi.org/10.1038/nature12790
https://doi.org/10.1021/acsinfecdis.9b00245
https://doi.org/10.1021/acsinfecdis.8b00161
https://doi.org/10.1128/JB.01651-09
https://doi.org/10.1371/journal.pone.0155127
https://doi.org/10.1371/journal.pone.0155127
https://doi.org/10.1038/nature14662
https://doi.org/10.1371/journal.ppat.1009112
https://doi.org/10.1126/science.1244705
https://doi.org/10.1126/science.1244705
https://doi.org/10.1038/nchembio.2259
https://doi.org/10.1128/mBio.00494-17
https://doi.org/10.1128/mBio.00494-17
https://doi.org/10.1128/JB.00926-09
https://doi.org/10.1111/mmi.12688
https://doi.org/10.1126/science.aaj2191
https://doi.org/10.1073/pnas.1906169116
https://doi.org/10.1126/science.aay3041
https://doi.org/10.1038/nrmicro1445
https://doi.org/10.1128/JB.186.24.8172-8180.2004
https://doi.org/10.1016/j.febslet.2012.06.021
https://doi.org/10.1016/j.febslet.2012.06.021
https://doi.org/10.1371/journal.pbio.1000317
https://doi.org/10.1371/journal.pbio.1000317
https://doi.org/10.1111/mmi.13607
https://doi.org/10.1038/nmicrobiol.2016.51
https://doi.org/10.1128/mBio.02267-16
https://doi.org/10.1128/mBio.01930-19
https://doi.org/10.1128/mBio.01930-19
https://doi.org/10.1371/journal.pbio.3001194
https://doi.org/10.1371/journal.pbio.3001194
https://doi.org/10.1016/j.mib.2003.09.002
https://doi.org/10.1093/nar/gkg210
https://doi.org/10.1038/ng881
https://doi.org/10.1074/jbc.M213060200
https://doi.org/10.1074/jbc.M213060200
https://doi.org/10.1128/JB.186.23.8018-8025.2004
https://doi.org/10.1128/JB.187.3.1135-1160.2005
https://doi.org/10.1128/JB.01156-09
https://doi.org/10.1111/j.1365-2958.1994.tb00374.x
https://doi.org/10.1111/j.1365-2958.1994.tb00374.x
https://doi.org/10.1128/jb.173.12.3914-3917.1991
https://doi.org/10.1111/j.1365-2958.1992.tb01486.x
https://doi.org/10.1146/annurev.genet.36.032902.111815
https://doi.org/10.1146/annurev.genet.36.032902.111815
https://doi.org/10.1038/nrmicro883
https://doi.org/10.1099/mic.0.2007/008565-0
https://doi.org/10.1099/mic.0.2007/008565-0
https://doi.org/10.1093/nar/17.5.1965
https://doi.org/10.1093/nar/17.5.1965
https://doi.org/10.1093/nar/17.8.2947
https://doi.org/10.1074/jbc.M512312200
https://mbio.asm.org

Nicolau and Lewis

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

January/February 2022 Volume 13

Stewart V. 2003. Biochemical Society Special Lecture. Nitrate- and nitrite-
responsive sensors NarX and NarQ of proteobacteria. Biochem Soc Trans
31:1-10. https://doi.org/10.1042/bst0310001.

Ernsting BR, Atkinson MR, Ninfa AJ, Matthews RG. 1992. Characterization
of the regulon controlled by the leucine-responsive regulatory protein in
Escherichia coli. J Bacteriol 174:1109-1118. https://doi.org/10.1128/jb.174
4.1109-1118.1992.

Calvo JM, Matthews RG. 1994. The leucine-responsive regulatory protein,
a global regulator of metabolism in Escherichia coli. Microbiol Rev 58:
466-490. https://doi.org/10.1128/mr.58.3.466-490.1994.

Kroner GM, Wolfe MB, Freddolino PL, DiRita VJ. 2019. Escherichia coli Lrp
regulates one-third of the genome via direct, cooperative, and indirect
routes. J Bacteriol 201:e00411-18. https://doi.org/10.1128/JB.00411-18.
Hansen S, Lewis K, Vuli¢ M. 2008. The role of global regulators and nucleo-
tide metabolism in antibiotic tolerance in Escherichia coli. Antimicrob
Agents Chemother 52:2718-2726. https://doi.org/10.1128/AAC.00144-08.
Mok WWK, Orman MA, Brynildsen MP. 2015. Impacts of global transcrip-
tional regulators on persister metabolism. Antimicrob Agents Chemother
59:2713-2719. https://doi.org/10.1128/AAC.04908-14.

Yan D, Zhang Q, Fu Q, Sun M, Huang X. 2021. Disruption of Fis reduces bacterial
persister formation by regulating glutamate metabolism in Salmonella. Microb
Pathog 152:104651. https://doi.org/10.1016/j.micpath.2020.104651.

Amato SM, Orman MA, Brynildsen MP. 2013. Metabolic control of per-
sister formation in Escherichia coli. Mol Cell 50:475-487. https://doi.org/10
.1016/j.molcel.2013.04.002.

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst Biol
2:2006.0008. https://doi.org/10.1038/msb4100050.

Keren |, Kaldalu N, Spoering A, Wang Y, Lewis K. 2004. Persister cells and
tolerance to antimicrobials. FEMS Microbiol Lett 230:13-18. https://doi
.org/10.1016/5S0378-1097(03)00856-5.

Gama-Castro S, Jiménez-Jacinto V, Peralta-Gil M, Santos-Zavaleta A,
Pefaloza-Spinola MI, Contreras-Moreira B, Segura-Salazar J, Mufiz-Rascado
L, Martinez-Flores |, Salgado H, Bonavides-Martinez C, Abreu-Goodger C,
Rodriguez-Penagos C, Miranda-Rios J, Morett E, Merino E, Huerta AM, Trevifio-
Quintanilla L, Collado-Vides J. 2007. RegulonDB (version 6.0): gene regulation
model of Escherichia coli K-12 beyond transcription, active (experimental) anno-
tated promoters and Textpresso navigation. Nucleic Acids Res 36:D120-D124.
https://doi.org/10.1093/nar/gkm994.

Resnik E, Pan B, Ramani N, Freundlich M, LaPorte DC. 1996. Integration
host factor amplifies the induction of the aceBAK operon of Escherichia coli
by relieving IcIR repression. J Bacteriol 178:2715-2717. https://doi.org/10.1128/
jb.178.9.2715-2717.1996.

Lewis M, Chang G, Horton NC, Kercher MA, Pace HC, Schumacher MA,
Brennan RG, Lu P. 1996. Crystal structure of the lactose operon repressor
and its complexes with DNA and inducer. Science 271:1247-1254.
https://doi.org/10.1126/science.271.5253.1247.

Barkley MD, Riggs AD, Jobe A, Burgeois S. 1975. Interaction of effecting
ligands with lac repressor and repressor-operator complex. Biochemistry
14:1700-1712. https://doi.org/10.1021/bi00679a024.

Gilbert W, Miller-Hill B. 1966. Isolation of the lac repressor. Proc Natl Acad
Sci U'S A 56:1891-1898. https://doi.org/10.1073/pnas.56.6.1891.

Elowitz MB, Levine AJ, Siggia ED, Swain PS. 2002. Stochastic gene expression in
a single cell. Science 297:1183-1186. https://doi.org/10.1126/science.1070919.
Semsey S, Jauffred L, Csiszovszki Z, Erdossy J, Stéger V, Hansen S, Krishna
S. 2013. The effect of Lacl autoregulation on the performance of the

Issue 1 e03420-21

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

mBio’

lactose utilization system in Escherichia coli. Nucleic Acids Res 41:
6381-6390. https://doi.org/10.1093/nar/gkt351.

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
US A 97:6640-6645. https://doi.org/10.1073/pnas.120163297.

Li G-W, Burkhardt D, Gross C, Weissman JS. 2014. Quantifying absolute
protein synthesis rates reveals principles underlying allocation of cellular
resources. Cell 157:624-635. https://doi.org/10.1016/j.cell.2014.02.033.
Guzman LM, Belin D, Carson MJ, Beckwith J. 1995. Tight regulation, mod-
ulation, and high-level expression by vectors containing the arabinose
PBAD promoter. J Bacteriol 177:4121-4130. https://doi.org/10.1128/jb
177.14.4121-4130.1995.

Cortay JC, Bleicher F, Duclos B, Cenatiempo Y, Gautier C, Prato JL,
Cozzone AJ. 1989. Utilization of acetate in Escherichia coli: structural orga-
nization and differential expression of the ace operon. Biochimie 71:
1043-1049. https://doi.org/10.1016/0300-9084(89)90109-0.

Silander OK, Nikolic N, Zaslaver A, Bren A, Kikoin |, Alon U, Ackermann M.
2012. A genome-wide analysis of promoter-mediated phenotypic noise in
Escherichia coli. PLoS Genet 8:21002443. https://doi.org/10.1371/journal.pgen
.1002443.

Justice SS, Li B, Downey JS, Dabdoub SM, Brockson ME, Probst GD, Ray
WC, Goodman SD. 2012. Aberrant community architecture and attenu-
ated persistence of uropathogenic Escherichia coli in the absence of indi-
vidual IHF subunits. PLoS One 7:e48349. https://doi.org/10.1371/journal
.pone.0048349.

Baek SH, Li AH, Sassetti CM. 2011. Metabolic regulation of mycobacterial
growth and antibiotic sensitivity. PLoS Biol 9:e1001065. https://doi.org/10
.1371/journal.pbio.1001065.

Rowe SE, Wagner NJ, Li L, Beam JE, Wilkinson AD, Radlinski LC, Zhang Q,
Miao EA, Conlon BP. 2020. Reactive oxygen species induce antibiotic tol-
erance during systemic Staphylococcus aureus infection. Nat Microbiol 5:
282-290. https://doi.org/10.1038/541564-019-0627-y.

Radlinski L, Rowe SE, Kartchner LB, Maile R, Cairns BA, Vitko NP, Gode CJ,
Lachiewicz AM, Wolfgang MC, Conlon BP. 2017. Pseudomonas aeruginosa
exoproducts determine antibiotic efficacy against Staphylococcus aureus.
PLoS Biol 15:22003981. https://doi.org/10.1371/journal.pbio.2003981.
Correia FF, D'Onofrio A, Rejtar T, Li L, Karger BL, Makarova K, Koonin EV,
Lewis K. 2006. Kinase activity of overexpressed HipA is required for
growth arrest and multidrug tolerance in Escherichia coli. J Bacteriol 188:
8360-8367. https://doi.org/10.1128/JB.01237-06.

Kaspy I, Rotem E, Weiss N, Ronin |, Balaban NQ, Glaser G. 2013. HipA-medi-
ated antibiotic persistence via phosphorylation of the glutamyl-tRNA-synthe-
tase. Nat Commun 4:3001. https://doi.org/10.1038/ncomms4001.

Robertson GT, Zhao J, Desai BV, Coleman WH, Nicas Tl, Gilmour R, Grinius
L, Morrison DA, Winkler ME. 2002. Vancomycin tolerance induced by
erythromycin but not by loss of vncRS, vex3, or pep27 function in Strepto-
coccus pneumoniae. J Bacteriol 184:6987-7000. https://doi.org/10.1128/
JB.184.24.6987-7000.2002.

Pontes MH, Groisman EA. 2019. Slow growth determines nonheritable an-
tibiotic resistance in Salmonella enterica. Sci Signal 12:eaax3938. https://
doi.org/10.1126/scisignal.aax3938.

Moyed HS, Bertrand KP. 1983. hipA, a newly recognized gene of Escherichia coli
K-12 that affects frequency of persistence after inhibition of murein synthesis. J
Bacteriol 155:768-775. https://doi.org/10.1128/jb.155.2.768-775.1983.

Neidhardt FC, Bloch PL, Smith DF. 1974. Culture medium for enterobacteria. J
Bacteriol 119:736-747. https://doi.org/10.1128/jb.119.3.736-747.1974.

mbio.asm.org 12


https://doi.org/10.1042/bst0310001
https://doi.org/10.1128/jb.174.4.1109-1118.1992
https://doi.org/10.1128/jb.174.4.1109-1118.1992
https://doi.org/10.1128/mr.58.3.466-490.1994
https://doi.org/10.1128/JB.00411-18
https://doi.org/10.1128/AAC.00144-08
https://doi.org/10.1128/AAC.04908-14
https://doi.org/10.1016/j.micpath.2020.104651
https://doi.org/10.1016/j.molcel.2013.04.002
https://doi.org/10.1016/j.molcel.2013.04.002
https://doi.org/10.1038/msb4100050
https://doi.org/10.1016/S0378-1097(03)00856-5
https://doi.org/10.1016/S0378-1097(03)00856-5
https://doi.org/10.1093/nar/gkm994
https://doi.org/10.1128/jb.178.9.2715-2717.1996
https://doi.org/10.1128/jb.178.9.2715-2717.1996
https://doi.org/10.1126/science.271.5253.1247
https://doi.org/10.1021/bi00679a024
https://doi.org/10.1073/pnas.56.6.1891
https://doi.org/10.1126/science.1070919
https://doi.org/10.1093/nar/gkt351
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/j.cell.2014.02.033
https://doi.org/10.1128/jb.177.14.4121-4130.1995
https://doi.org/10.1128/jb.177.14.4121-4130.1995
https://doi.org/10.1016/0300-9084(89)90109-0
https://doi.org/10.1371/journal.pgen.1002443
https://doi.org/10.1371/journal.pgen.1002443
https://doi.org/10.1371/journal.pone.0048349
https://doi.org/10.1371/journal.pone.0048349
https://doi.org/10.1371/journal.pbio.1001065
https://doi.org/10.1371/journal.pbio.1001065
https://doi.org/10.1038/s41564-019-0627-y
https://doi.org/10.1371/journal.pbio.2003981
https://doi.org/10.1128/JB.01237-06
https://doi.org/10.1038/ncomms4001
https://doi.org/10.1128/JB.184.24.6987-7000.2002
https://doi.org/10.1128/JB.184.24.6987-7000.2002
https://doi.org/10.1126/scisignal.aax3938
https://doi.org/10.1126/scisignal.aax3938
https://doi.org/10.1128/jb.155.2.768-775.1983
https://doi.org/10.1128/jb.119.3.736-747.1974
https://mbio.asm.org

	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, culture conditions, and strain construction.
	(i) Construction of ihfA-mVenus.
	(ii) Construction of ΔlacI.
	Persister assays.
	ATP quantification.
	FACS analysis using mVenus reporters.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

