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Bacterial populations produce a small number of persister cells that exhibit multidrug tolerance. Persister
cells are largely responsible for the antibiotic recalcitrance of biofilm infections. The mechanism of persister
cell formation largely remains unknown due to the challenges in identifying persister genes. We screened an
ordered comprehensive library of 3,985 Escherichia coli knockout strains to identify mutants with altered
antibiotic tolerance. Stationary-state cultures in 96-well plates were exposed to ofloxacin at a concentration
which allows only tolerant persister cells to survive. The persister cell level of each culture was determined. A
total of 150 mutants with decreased persistence were identified in the initial screen, and subsequent validation
confirmed that neither the growth rate nor the ofloxacin MIC was affected for 10 of them. The genes affected
in these strains were dnaJ and dnaK (chaperones), apaH (diadenosine tetraphosphatase), surA (peptidyl-prolyl
cis-trans isomerase), fis and hns (global regulators), Anr (response regulator of RpoS), dksA (transcriptional
regulator of rRNA transcription), ygf4 (5-formyl-tetrahydrofolate cyclo-ligase), and yigB (flavin mononucle-
otide [FMN] phosphatase). The prominent presence of global regulators among these strains pointed to the
likely redundancy of persister cell formation mechanisms: the elimination of a regulator controlling several
redundant persister genes would be expected to produce a phenotype. This observation is consistent with
previous findings for a possible role of redundant genes such as toxin/antitoxin modules in persister cell
formation. ygf4 and yigB were of special interest. The mammalian homolog of YgfA (methenyltetrahydrofolate
synthetase) catalyzes the conversion of 5-formyl-tetrahydrofolate (THF) into the rapidly degraded 5,10-methe-
nyl-THF, depleting the folate pool. The YigB protein is a phosphatase of FMN which would deplete the pool
of this cofactor. Stochastic overexpression of these genes could lead to dormancy and, hence, tolerance by
depleting the folate and FMN pools, respectively. Consistent with this scenario, the overexpression of both

genes produced increased tolerance to ofloxacin.

Persister cells are multidrug-tolerant cells that contribute to
the antibiotic recalcitrance of biofilm infections (12, 27, 53).
Biofilms are implicated in many bacterial infections, including
those associated with indwelling devices, dental disease, endo-
carditis, and cystic fibrosis (16, 18, 23, 38, 46). Understanding
the the mechanism of persister cell formation/maintenance is
likely to lead to new effective therapies for the treatment of
biofilm infections. However, research in this area has been
hindered by the difficulties in identifying persister genes.

Persisters are phenotypic variants of the wild type that are
tolerant to killing by antibiotics (8, 27). They are survivor cells
that make up a small part of the population: 10”° to 10™* in
exponentially growing cultures and ~10 2 in stationary phase
(33). A targeted search for mutants of Escherichia coli with
high levels of persistence led to the finding of a hipA7 allele,
but a mutant with a knockout of the gene appeared to have no
phenotype (9, 10, 39, 40, 49), and the work of the early pio-
neers in this field remained largely unknown. Persisters are
tolerant to all currently available antibiotics and are found in
all species examined (33). Recent progress in this area can be
summarized as follows: persisters are nongrowing (6), dormant
(50) cells; persistence is not heritable (27); persisters probably
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form a single subpopulation tolerant to unrelated antibiotics
(65); a transcriptome of isolated persisters points to toxin/
antitoxin modules as possible persister genes (28, 50); and
expression cloning points to enzymes of phospholipid synthesis
being involved in persister maintenance (54).

Analysis of a transposon-mutagenized library seemed to be a
straightforward way to identify persister genes. However, ini-
tial efforts to find specific persister genes by analyzing the
levels of persisters in clones from a transposon insertion library
have been unsuccessful (25, 54).

We decided to revisit this approach using an ordered knock-
out library of all open reading frame (ORF)-coding nonessen-
tial E. coli gene disruptions (Keio collection) (4) and a sensi-
tive method for detecting tolerance. We found that several
global regulators (DnaK, Dnal, DksA, histone-like protein,
integration host factor [IHF]), as well as the phosphatase YigB
and the S-formyl-tetrahydrofolate (5-formyl-THF) cyclo-ligase
YgfA, are involved in persister cell formation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The Keio collection of E. coli knock-
out strains (4) was generously provided by Hirotada Mori. E. coli K-12 BW25113
is the parental strain of the ordered knockout library. Precise deletion-replace-
ment of ssrS was created by the method of Datsenko and Wanner (17). To create
double deletions, the kanamycin resistance cassette, which replaces one gene,
was removed by FLP recombinase, leaving a FLP recognition target site. A
second deletion allele was then moved into that strain by P1 transduction, which
selected for kanamycin resistance. Bacteria were cultured with aeration at 37°C
in Luria-Bertani (LB) medium or morpholinepropanesulfonic acid (MOPS) min-
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imal medium (42) supplemented with 0.1% succinate and 0.05% Casamino
Acids. When supplementation was required, the medium was supplemented with
MgSO, at a final concentration of 20 mM and with the following antibiotics at
the indicated final concentrations: amdinocillin (mecillinam), 4 pg/ml; ofloxacin,
5 or 10 pg/ml; chloramphenicol; 30 wg/ml, kanamycin, 50 wg/ml; streptomycin 10
pg/ml; benzalkonium chloride, 25 wg/ml; ampicillin, 100 wg/ml, ciprofloxacin, 1
pg/ml. Amdinocillin was a gift from Leo Pharmaceutical Products.

Frequency of amdinocillin-resistant mutants. The fraction of spontaneous
amdinocillin-resistant mutants was determined by plating a serially diluted sta-
tionary-state culture on LB agar supplemented with 4 pg/ml amdinocillin. A
sample of the culture was diluted and spotted onto LB agar to determine the
initial cell count.

Persistence assay. Persistence was measured by determining survival upon
exposure to antibiotics.

To determine the number of persister cells in stationary phase, cells were
cultured in 1-ml or 200-ul volumes for one overnight (ON) in LB medium;
diluted 1,000- and 200-fold, respectively, in MOPS minimal medium; and cul-
tured for two additional ONs. The cultures were exposed to 5 pg/ml or 10 pg/ml
ofloxacin for the indicated times. Ten-microliter samples were removed before
and after ofloxacin challenge, diluted, and spot plated onto LB agar. To deter-
mine the number of persister cells in a concentration-dependent assay, the
concentration of ofloxacin varied as indicated, and the time of challenge was 6 h.
Strains harboring expression vector pALS21 and derivatives thereof were as-
sayed in the presence of 0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG).

To determine the number of persister cells in exponential phase, cells were
cultured in 1-ml volumes for one ON in LB medium and diluted 1:100 into
MOPS minimal medium for 5 h (final concentration, ~2 X 10* CFU/ml). The
cultures were exposed to various antibiotics, as indicated, for 3 h. Ten-microliter
samples were removed before and after ofloxacin challenge, diluted, and spot
plated onto LB agar.

Screen for persistence mutants. The mutant library was grown in 200 pl LB
medium in 96-well plates ON at 37°C, diluted in 200 ul MOPS minimal medium,
and incubated for two additional ONs. The library was challenged with 5 pg/ml
ofloxacin for 6 h. The contents of the wells were then plated by transferring 10-p.l
volumes with a 96-pin replicator on LB agar containing 20 mM MgSO, and 4
pg/ml amdinocillin and were incubated ON. The number of amdinocillin-resis-
tant mutants was established from the colony counts. The growth rate of the
mutant strains was determined by measuring the optical density at 600 nm MOPS
minimal medium. The MIC of ofloxacin was determined by the standard NCCLS
broth microdilution method (1). Strains which produced no amdinocillin-resis-
tant mutants or fewer mutants than the wild type were retested in persistence
assays, as described above.

Construction of YigB and YgfA overexpression vectors. pALS21 was con-
structed by inserting the lacI9 fragment from pCA24N (29) into the Clal and
BspHI sites of pACYC184 with primers 5'-ATGCATCGATTTCGCGGTATG
GCATGATAG-3" and 5'-ATCGTCATGATACGAGCCGGAAGCATAAA
G-3' and the multiple-cloning site from pAH153 (22) into the Scal and Eagl sites
with primers 5'-ACGTAGTACTAAGCAGAAGGCCATCCTGAC-3' and 5'-T
GACCGGCCGACCCAGCCTCGCTTTGTAAC-3'. Primers pPORFup (5'GAG
CTCGCCCTTTCGTCTTCAC-3") and pORFdown (5'-CCCGGGTCAGTCAC
GATGAATTCC-3") were used to insert the yigB and ygf4 ORFs, including the
Prs_ac promoter region from pCA24N (29), into the Smal and Sacl sites of
pALS21, creating pALS22 and pALS23, respectively. The vectors were trans-
formed into strain BW25113 by standard procedures.

RESULTS

Screening of an ordered library for persister genes. A screen
of an ordered library (Keio collection) was developed to iden-
tify all single-knockout mutants exhibiting low-level persis-
tence. The Keio collection contains 3,985 strains created by
replacing single genes with a kanamycin resistance cassette
(17) in E. coli K-12 BW25113 (4, 5). The library was designed
to create in-frame single-gene-deletion mutants after excision
of the kanamycin resistance cassette with FLP recombinase to
avoid polar effects. Persister cell levels can vary strongly in
parallel samples within a single experiment (65), which made
our initial screening attempts unmanageable due to large num-
bers of false-positive results. Apparently, each culture creates
slightly different conditions in the process of growth and can-
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not be controlled for. We therefore reasoned that simplifying
the growth medium may decrease culture-to-culture variation.
Several conditions were tested, and we found that variation in
the level of persister cells was decreased in a defined MOPS
minimal medium (42) with 0.1% succinate and 0.05%
Casamino Acids compared to the variation in LB medium
(data not shown). The level of persister cells strongly increases
with cell density, reaching a maximum in stationary state (27).
Variations are therefore likely to be less prominent once all
cultures reach the same density at stationary state, and cells in
cultures in this state were chosen for testing. Another problem
with screening is that multiple serial dilutions of a culture must
be made and plated to count the surviving colonies. Given the
large number of strains and the need for replication of the
results, this becomes a very laborious task. We therefore de-
veloped a screening approach which allowed direct plating
without dilutions. The rationale is to plate cells on a medium
containing an antibiotic and count the surviving colonies of
spontaneous antibiotic-resistant mutants. Since the number of
resistant mutants is a fraction of the number of cells of the
parent strain, this sharply reduces the number of colonies and
obviates the need for dilution. We chose amdinocillin, a beta-
lactam antibiotic that targets penicillin-binding protein 2 (PBP
2), as a selecting agent. Spontaneous resistance to amdinocillin
occurred at a frequency of 5 X 107° in the wild type, as
determined by serially diluting the wild type in twofold steps
and plating 10-wl drops on LB agar supplemented with 4 pg/ml
amdinocillin. A good correlation between cell density and the
occurrence of amdinocillin-resistant mutants was observed
(Fig. 1A), which allowed us to use this indirect enumeration
method in the screen.

To screen the Keio collection for strains with low-level per-
sistence, the mutant library was incubated in MOPS minimal
medium. After growth for two ONs, 5 pg/ml ofloxacin (50X
MIC) was added to the stationary-phase cultures for 6 h, killing
the bulk of the population. At this concentration and within
this time period, only persister cells survive (Fig. 1B) (27). The
contents of the wells were plated by transferring 10-pl drops to
LB agar containing 20 mM MgSO, and 4 pg/ml amdinocillin,
and the plates were incubated at 37°C. Mg?™ inhibits the pen-
etration of ofloxacin and minimizes carryover effects (32). The
number of spontaneous amdinocillin-resistant mutants from
the wild-type and deletion strains was then counted. In a pilot
experiment, the wild-type control produced 5 X 10% CFU/ml
after growth for 48 h in MOPS minimal medium. After ofloxa-
cin challenge, the persister cell level of the wild type was 3 X
107 CFU/ml, which allowed 15 spontaneously amdinocillin-
resistant colonies to grow on LB medium supplemented with
amdinocillin and MgSO,, from the 10-pl aliquot. Thus, under
these conditions a mutant with low-level persistence either
does not produce any amdinocillin-resistant colonies or at least
produces fewer amdinocillin-resistant colonies than the wild
type (Fig. 1C). Since slight day-to-day variations in the num-
bers of amdinocillin-resistant colonies of the wild type were
observed, the relative numbers rather than the absolute num-
bers of resistant mutants from the wild type and knockout
strains were compared.

Mutants with low-level persistence. A total of 150 mutants
with reduced or no colony counts were identified in the screen
(hit rate, 3.7%). To distinguish between mutants that were
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FIG. 1. Screen for mutants with low levels of persistence. (A) Fre-
quency of amdinocillin-resistant mutants in E. coli K-12 BW25113. Sta-
tionary-phase culture in LB medium was serially diluted in twofold steps
and plated onto LB agar supplemented with 4 pg/ml amdinocillin. Sam-
ples from each dilution were also removed for determination of the colony
counts. The frequency was 5 X 10> on the basis of the initial cell counts
and the number of amdinocillin-resistant mutants arising on LB agar
supplemented with amdinocillin. (B) Survival of E. coli BW25113 station-
ary-phase cells challenged with ofloxacin. Stationary-phase cultures grown
in MOPS minimal medium were treated with ofloxacin at the indicated
concentrations for 6 h and plated for determination of the colony counts.
The experiment was performed in triplicate, and error bars represent stan-
dard deviations. (C) Survival of strains from the Keio collection. Mutant
strains cultured in MOPS minimal medium were treated with ofloxacin for
6 h, and samples were plated on LB agar supplemented with 4 pg/ml amdi-
nocillin and 20 mM MgSO,. Two hits are circled.

impaired in persistence and those that produced fewer amdi-
nocillin-resistant colonies due to lower starting cell numbers or
increased sensitivity to ofloxacin or amdinocillin, the growth
rates and the MICs of these hits were examined. Strains that
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FIG. 2. Survival of mutants affected in putative persister genes.
Cells were grown to stationary phase in MOPS minimal medium in
96-well plates (final concentration, ~1X 10° CFU/ml) and treated with
5 pg/ml ofloxacin for 6 h. Samples were diluted and spot plated on LB

agar. The experiment was performed in triplicate, and error bars rep-
resent standard deviations. WT, wild type.

grew poorly in the minimal medium were identified (atpE,
atpF, carB, cyaA, purA, purD, purF, purK, purL, pyrD, pyrF, pyrl,
sdhA, sdhB, sdhC, sdhD). The expected increased sensitivity to
ofloxacin was found in strains from which genes involved in
recombination and repair (recA, recB, recG, recl, recN, recQ,
ruvA, ruvB, xseA, xseB) were deleted (47, 14, 26, 35, 36, 62) and
in a strain from which r0lC, an outer membrane component of
several multidrug resistance pumps that extrude fluoroquino-
lones (43), was deleted. These mutants were not considered
further. The expected increased sensitivity to amdinocillin was
found in a strain from which ponB, which codes for PBP 1B
(20), was deleted. That strain was retested in subsequent per-
sistence assays. The wild-type phenotype of three mutants im-
paired in cysteine metabolism (AcysHIJ) was restored when 0.8
mM cysteine was added to the growth medium, showing that
impaired survival was due to cysteine limitation (data not
shown).

Identification of these mutants, which were expected to fail
to produce colonies on amdinocillin-supplemented medium,
helped validate the screen. The strain with the glpD deletion,
which was previously linked to persistence by our group (54),
was among the remaining mutants with low-level persistence
and served as a further internal control.

All remaining hits were retested by performing persistence
assays in stationary phase with 10 pg/ml ofloxacin in 96-well
plates. A considerable number of hits did not show significant
changes in their persister cell levels when they were retested.

The genes affected in strains that were validated and that
had the greatest reduction in persister cell levels compared to
the levels for the wild type were dnaJ and dnaK (chaperones),
apaH (diadenosine tetraphosphatase), surdA (peptidyl-prolyl
cis-trans isomerase), fis and hns (global regulators), Anr (re-
sponse regulator of RpoS), dksA (transcriptional regulator of
rRNA transcription), ygf4 (5-formyl-THF cyclo-ligase), and
yigB (flavin mononucleotide [FMN] phosphatase) (Fig. 2).

Time-dependent killing studies of mutants with low-level
persistence. The low-level-persistence phenotype of the mu-
tant strains was further characterized in time-dependent killing
studies, which were performed in MOPS minimal medium in
1-ml cultures in 24-well plates. Stationary-phase cultures were
challenged with ofloxacin and sampled for determination CFU
counts after 1, 3, and 6 h of incubation. The absolute survival
rate observed in the time-dependent killing studies was differ-
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FIG. 3. Time-dependent killing studies of mutants whose persister
genes were affected. One-milliliter cultures were grown to stationary
phase in MOPS minimal medium (final concentration, ~1 X 10° CFU/
ml) and treated with 10 pg/ml ofloxacin for the indicated times. Sam-
ples were diluted and spot plated on LB agar. The experiment was
performed in triplicate, and error bars represent standard deviations.
WT, wild type.

ent from that observed in the original selection. In our expe-
rience, the level of persistence is highly dependent on the
culture conditions, such as the volume, level of aeration, car-
bon source, and pH. Increasing the culture volume from 200 wl
in 96-well plates to 1 ml in 24-well plates mostly affects aera-
tion. In 1-ml cultures, the low-level-persistence phenotype was
lost in strains with deletions of dnal, fis, hns, and hnr (data not
shown). The persistence of strains with deletions of apaH and
surA were moderately affected after 6 h of exposure to ofloxa-
cin, with survival rates of 1.3% and 1.7%, respectively, whereas
the survival rate for the wild type was 3.3%. Four strains whose
persister genes were affected exhibited a prominent phenotype
of an at least fourfold decrease in the level of persistence
compared to that of the wild type. The persister genes affected
were yigB (30-fold), dnaK (22-fold), dksA (6-fold), and ygf4
(4-fold) (Fig. 3).

The frequency of persister cells for the strain with the dnaK
deletion was highly variable in parallel replicates. Replicates
either had a reduced growth rate at 37°C and had lower levels
of persistence than the wild type or picked up suppressor
mutations which restored normal growth at 37°C and the level
of persistence of the wild type. dnaK-null strains have been
reported to frequently acquire suppressor mutations, for ex-
ample, in rpoH and rpoD (13, 51).

ygfA is cotranscribed with ssrS, which codes for a small RNA,
6S RNA, which acts as a repressor of o’’-dependent transcrip-
tion in stationary phase (63). The location of ygf4 directly
downstream of ssrS is conserved in members of the classes
Alpha- and Gammaproteobacteria as well as certain members
of the class Betaproteobacteria, which suggests that the operon
structure has functional relevance (7). Indeed, YgfA has been
shown to stabilize 6S RNA in an overexpression system (63).
Thus, the deletion of ygf4 apparently diminishes the level of
the ssrS transcript. In order to test the phenotype of an ssrS
mutant (which is absent from the Keio library, which only
contains strains with deletions in protein-coding ORFs),
strains with an ssrS deletion (strain KLE910) as well as an ssrS
ygfA double deletion (strain KLE911) were created. Persis-
tence was tested in 200 wl MOPS minimal medium, where
AygfA had a stronger effect on persistence. We did not detect
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FIG. 4. Effects of AygfA and AssrS mutations on persister cell for-

mation. E. coli BW25113 wild type (WT), a AygfA mutant (ygfA), strain

KLE910 (ssrS), and strain KLE911 (ssrS ygf4) were grown to stationary

phase in MOPS minimal medium and treated with 10 pg/ml ofloxacin

for 6 h. Samples were diluted and spot plated on LB agar. The exper-

iment was performed in triplicate, and error bars represent standard
deviations.

a phenotype for AssrS. The growth as well as the persistence of
the AssrS AygfA strain appeared to be affected (Fig. 4).

To test for the robustness of the low-level-persistence phe-
notype of the mutants identified, we investigated whether the
number of persister cells produced by the mutant strains was
also lower in growing cultures. We diluted the strains with
deletions 1:100 in MOPS minimal medium and exposed them
to 5 pg/ml ofloxacin when they were in exponential phase, after
5 h of growth. We found that the persistence of all mutants was
also impaired (at least a fourfold decrease) during exponential
phase (Fig. 5A). Similar to what we observed in stationary
phase, after 3 h of exposure to ofloxacin, strains with deletions
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FIG. 5. Survival of mutants whose putative persister genes were
affected in exponential phase. (A) One-milliliter cultures were grown
to exponential phase in MOPS minimal medium and treated with 5
pg/ml ofloxacin for 3 h. (B) Time-dependent killing studies of mutants
whose persister genes were affected. Mutants with a prominent low-
level-persistence phenotype in log phase were exposed to 5 pg/ml
ofloxacin for the indicated times. Samples were diluted and spot plated
on LB agar. The experiment was performed in triplicate, and error
bars represent standard deviations. WT, wild type.
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FIG. 6. Survival of mutants with low levels of persistence exposed to different classes of antibiotics. One-milliliter cultures were grown to
exponential phase in MOPS minimal medium and challenged for 3 h with 1 pg/ml ciprofloxacin (A), 10 wg/ml streptomycin (B), 100 wg/ml
ampicillin (C), and 25 pg/ml benzalkonium chloride (D). Samples were diluted and spot plated on LB agar. The experiment was performed in

triplicate, and error bars represent standard deviations. WT, wild type.

of dnaK (27-fold), ygfA (17-fold), dksA (11-fold), and yigB
(11-fold) showed the most prominent reduction in persistence
compared with that of the wild type. Additionally, the persis-
tence of a strain with a deletion of dnaJ was also strongly
affected (41-fold decrease). We validated the reduction in per-
sistence in exponential phase in these strains in a time-depen-
dent killing assay and observed the typical persister cell plateau
for all strains (Fig. 5B).

Survival of mutants exposed to different classes of antibiot-
ics. Persister cells are characterized by multidrug tolerance.
The screen for mutants with low levels of persistence was
performed in stationary phase, where the choice of antibiotic
limited us to fluoroquinolones, which are able to kill nongrow-
ing cells. In growing cultures, however, we were able to test
whether the tolerance of the mutants identified was affected
when they were subjected to different antibiotics. We cultured
the wild type and the five mutants with the strongest decrease
in persistence in exponential phase as described above and
exposed them to different classes of antibiotics for 3 h (Fig. 6):
another fluoroquinolone, ciprofloxacin; the aminoglycoside
streptomycin; the beta-lactam antibiotic ampicillin; and the
quaternary ammonium compound benzalkonium chloride.
When they were exposed to ciprofloxacin, all mutants showed
a prominent decrease in persistence compared to that for the
wild type, ranging from 4-fold (AygfA) to a 111-fold (Adnak)
(Fig. 6A). After exposure to streptomycin, the Aygf4 mutant
again showed the weakest decrease (3-fold), whereas the sur-
vival of mutants AdksA (6-fold), AyigB (10-fold), AdnaK (66-
fold), and AdnaJ (87-fold) was strongly affected (Fig. 6B). The
AygfA mutant, however, showed a prominent effect after am-
picillin challenge (82-fold). The persistence of the AyigB mu-
tant was highly variable in this set of experiments, and the
decrease was an average of twofold. The persistence levels of

mutants AdksA (40-fold), AdnaJ (13-fold), and AdnaK (46-
fold) were strongly affected (Fig. 6C). The difference in the
levels of persisters between the wild type and the mutants was
less pronounced when they were exposed to benzalkonium
chloride. AdnaK had the strongest effect, with an 11-fold de-
crease (Fig. 6D). In summary, these results show that not only
ofloxacin tolerance but also multidrug tolerance were affected
in all mutants identified.

Effects of YgfA and YigB overexpression on persistence. ygf4
and yigB were overexpressed in order to further characterize
their effects on persistence. The overexpression of persister
genes has been shown to be challenging since overproduction
of some proteins causes nonspecific toxicity, shutting down cell
growth and leading to tolerance (60). Thus, a low-copy-number
vector (pACYC184) was used to clone these genes under their
native promoters in order to achieve moderate overexpression.
Both constructs conferred high-level persistence in stationary
phase after exposure to ofloxacin (Fig. 7). Strains overexpress-
ing global regulators involved in persistence were not tested
due to the multitude of phenotypes associated with proteins of
global regulatory function and the genes that these regulators
control.

Roles of HU and IHF in persistence. Two of the mutants
with low levels of persistence had deletions of Ans and fis,
which encode nucleoid binding proteins with global regulatory
functions. In stationary phase, the low-level-persistence phe-
notype was apparent only when the mutants were tested in 200
pl medium in 96-well plates. When they were tested in 1-ml
cultures, the persistence of the strains with the Ans and fis
deletions was almost indistinguishable from that of the wild
type. In exponentially growing cultures, both Ahns and Afis
strains had a fourfold reduction in the levels of persister cells.
Interestingly, deletions of the HupA subunit of HU and the
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FIG. 7. Effects of ygfA and yigB overexpression on persister cell
formation. E. coli BW25113 cells transformed with the pALS21 control
(empty vector), pALS22 (yigB), and pALS23 (ygf4) were grown in
MOPS minimal medium in the presence of 0.1 mM IPTG to stationary
phase. The cultures were treated with ofloxacin for the indicated times.
Samples were diluted and spot plated on LB agar. Closed squares, wild
type; open squares, KLE921(pALS21); open diamonds, KLE922
(PALS22); closed diamonds, KLE923 (pALS23). The experiment was
performed in triplicate, and error bars represent standard deviations.

IhfB subunit of IHF, two other nucleoid binding proteins
which are global regulators as well, also showed up as hits in
the screen. However, when it was retested, the strain with the
hupA deletion was not significantly impaired in persister for-
mation, and the strain with the i4fB deletion even showed an
increase in persistence. We decided to revisit the persistence of
strains with the hupA and ihfB deletions and test the persis-
tence of strains with deletions of their respective second sub-
units, hupB and ihfA, and of strains without HU (strain
KLE912) and IHF (strain KLE913). It is known that HupB and
HupA and that ThfA and IhfB have partial functionality when
they are expressed individually (15, 64, 67). We observed a
decrease in the level of persistence of the AhupB strain, and
this decrease was even more pronounced in the mutant with
the double mutation (Fig. 8A). We confirmed the increase in
the level of persistence of the AiifB strain and the IHF-null
strain, whereas the iif4 mutant showed no phenotype (Fig.
8B). We then tested the IHF- and HU-null strains in a time-kill
study in 1-ml volumes and found that both null strains exhib-
ited robust phenotypes (Fig. 8C). In exponentially growing
cultures, the HU null strain had strongly reduced persistence
levels, 40-fold compared to those of the wild type, when it was
exposed to ofloxacin for 3 h, whereas the persistence of the
IHF-null strain fluctuated highly in parallel replicates of the
same experiment and from day to day in exponential phase
(data not shown).

DISCUSSION

Persister cells are dormant, multidrug-tolerant cells and play
a major role in biofilm recalcitrance to antimicrobials (12, 27,
53, 50, 33). In this study, we examined a comprehensive knock-
out library of E. coli ORFs with the aim of identifying persister
genes. The detection of genes coding for a complex biological
function is usually straightforward, and the screening of trans-
poson insertion libraries has been very successful in identifying
components of sporulation, the SOS response, biofilm forma-
tion, and many others. Indeed, most spo genes, for example,
were discovered by examining mutants defective in sporulation
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FIG. 8. Effects of mutations in global regulators IHF and HU on
persister formation. (A and B) Cultures of E. coli BW25113 wild type
and mutant strains were grown to stationary phase and treated with
ofloxacin for 6 h. Samples were diluted and spot plated on LB agar.
(A) HU mutants AhupA (hupA) AhupB (hupB), and KLE912 hupA
hupB (hupAB); (B) IHF mutants AihfA (ihfA) AihfB (ihfB), and
KLE913 ihfA ihfB (ihfAB). (C) Time-dependent killing studies of HU
and IHF mutants. The cultures were grown to stationary phase in
MOPS minimal medium and treated with 10 pg/ml for the indicated
times. Samples were diluted and spot plated on LB agar. Closed
squares, wild type; closed triangles, KLE912 hupA hupB; open squares,
KLE913 ihfA ihfB. All experiments were performed in triplicate, and
error bars represent standard deviations.

(37). However, the screening of libraries of knockout strains
for changes in persister levels has largely been unsuccessful
(25, 34). The detection of mutants with diminished persister
cell levels proved to be highly challenging. The possible reason
for this is the high level of redundancy in the mechanism
coding for persistence. Previous research suggests that this may
indeed be the case. Thus, transcription profiling of isolated
persisters pointed to the overexpression of toxin/antitoxin
modules; and the ectopic expression of several different toxins,
such as RelA, MazF, HipA, and YgiU, causes reversible stasis
and multidrug tolerance, emulating persistence (28, 50, 60).
Another problem with screening for persister genes is the high
level of variability in persister cell levels among parallel sam-
ples, making the background false-positive and -negative re-
sults unmanageable for a large experiment (65).

We decided to revisit the screening approach by taking ad-
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vantage of the recently created complete, ordered knockout
library of E. coli ORFs. We introduced several changes that
considerably improved the quality of screening: (i) we simpli-
fied the growth medium, which decreased variability among
parallel samples; (ii) we screened strains in stationary state,
where persisters are most abundant and all cultures reach a
similar growth end point; and (iii) we introduced a method that
allows for sensitive screening without multiple dilutions. This
involved the plating of persister cells that survived antibiotic
challenge on a medium containing a different antibiotic, am-
dinocillin. In this way, only spontaneous mutants resistant to
amdinocillin survived, which reduced the number of surviving
cells, obviating the need for multiple dilutions.

It is important to stress that none of the knockout strains
had a complete lack of persisters; in most cases, the drop was
about 10-fold. The preponderance of global regulators and
chaperones among the genes affecting persistence strongly sug-
gests that the function is encoded by redundant genes/mecha-
nisms. Persister genes are probably among the many that are
controlled by these regulators. This strongly points to redun-
dancy in persister genes. Note that there have been reports of
strong phenotypes of single-gene deletions. We reported pre-
viously that a hipA deleted strain had a significantly decreased
persister level in stationary state; however, that deletion ex-
tended into the noncoding dif region, which is important for
chromosome partitioning. The strain with a precise deletion of
hipA did not show a persister phenotype. A recent report
described phoU as a gene whose disruption caused the com-
plete loss of persister cells in the presence of an antibiotic (34).
However, the strain with the phoU disruption grew slowly and
had decreased MICs toward a number of antibiotics tested.
Strains that showed considerably slower growth or changes in
MICs may be pleiotropic mutants with changes in resistance
rather than strains whose persister genes controlling dormancy
and antibiotic tolerance are affected.

The most prominent finding from the screening was the
identification of genes that act as global regulators. The regu-
lators identified were DksA, SsrS-YgfA, DnaKJ, HupAB, and
ThfAB.

DksA is a ppGpp-dependent modulator of RNA polymer-
ase. ppGpp is formed in response to carbon and amino acid
starvation, which leads to the inhibition of transcription from
rRNA and tRNA promoters and which directs transcription
toward the genes needed for the synthesis and transport of
amino acids (44, 45). Considering that persisters are dormant
cells, this makes sense, since a stochastic increase in ppGpp or
DksA, or both, would contribute to dormancy, and then knock-
ing out dksA would decrease the level of persister cells. The
strain whose ppGpp synthetase RelA was deleted was identi-
fied as a hit in the primary screen. However, a ArelA strain
grows very poorly in minimal medium (unless suppressor mu-
tations in RNA polymerase subunits are acquired) (24); more-
over, resistance to amdinocillin is conferred by an increase in
the ppGpp concentration (61). Thus, the ArelA strain was re-
moved from our set of hits of strains with low levels of persis-
tence. Note that rel4 and rel4 spoT deletions have previously
been linked to persistence in a hipA7 mutant and in the wild
type (30).

The knockout of ygf4 produced a robust phenotype of de-
creased persister cell formation. YgfA apparently codes for a
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5-formyl-THF cyclo-ligase involved in folate biosynthesis. The
mammalian homolog of YgfA, methenyltetrahydrofolate syn-
thetase, catalyzes the conversion of the stable folate storage
form 5-formyl-THF into the rapidly degraded 5,10-methenyl-
THF, thereby depleting cellular folate pools (2). If the E. coli
enzyme has the same function, then in a simple scenario, the
stochastic overexpression of YgfA will lead to folate deficiency,
which will impair the biosynthesis of purines, thymidilate, and
methionine (7) and will contribute to persister cell formation.
The artificial overexpression of YgfA indeed produced a phe-
notype of increased tolerance to ofloxacin. The knocking out of
ygfA would be expected to decrease the level of persister cells,
which we have observed. Interestingly, ygfA4 is a member of a
two-gene ssrS ygfA operon. ssrS codes for the small regulatory
6S RNA which interacts with o’°-RNA polymerase and
thereby inhibits transcription of most ¢’°-dependent promot-
ers in stationary phase. Common among most inhibited pro-
moters is an extended —10 element, which is present in more
than 100 o’°-dependent promoters (59, 63). The 6S RNA is
present throughout all growth phases but is most abundant
during stationary phase, when >75% of the o’-RNA poly-
merase complexes are associated with 6S RNA (63). In addi-
tion, 6S RNA also indirectly activates the transcription of -
dependent promoters (59). It appears that these two elements
potentially control two different aspects of RNA synthesis: 6S
RNA acts as an inhibitor of RNA polymerase, while YgfA can
inhibit the synthesis of nucleotides. This two-gene module
seems like an attractive candidate for a persister operon. The
knocking out of ssrS produced no phenotype. However, it is
known that ygfA4 stabilizes ssrS (63) and that a ygf4 knockout is
therefore functionally closer to an ssrS ygf4 double knockout.
It may be that in vivo, changes in both of these functionally
similar redundant components are necessary to observe a
change in persister cell levels.

Another interesting gene that can potentially affect dor-
mancy is yigB. The YigB protein was shown to act as a phos-
phatase of FMN (31), which would deplete the pool of this
important cofactor in the cell upon overproduction, potentially
contributing to dormancy. The overproduction of YigB pro-
duced high-level persistence, consistent with a possible role in
persister cell production. Three other phosphatases of the
same group, Ynjl, Cof, and YrfG, were also shown to have
specificity for FMN. To investigate whether involvement in
persister cell formation is specific to YigB or is shared among
FMN phosphatases, we retested strains with deletions of ynjI,
cof, and yrfG. None of the strains had a phenotype in regards
to low-level persistence (data not shown).

The DnaK chaperone assists in protein folding of nascent
polypeptides and requires ATP and its cochaperones, DnalJ
and GrpE (55, 56). DnaK also acts as a regulator of a large set
of genes induced by the heat shock and general stress response
by regulating the activity and stability of the alternative sigma
factors 02 and o®, respectively (41, 57, 58, 66). A decreased
level of persister cells in a dnaK deleted strain suggests that it
may be required for the maintenance of persister cells and is
thus a persister maintenance gene (similar to the previously
described persister maintenance gene plsB [54]). It is also pos-
sible that DnaK controls several redundant persister genes,
and the phenotype is observed only when their regulators are
absent. A decrease in persistence was also found in a Staphy-
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lococcus aureus strain with a dnaK deletion when it was chal-
lenged with oxacillin (52).

Other global regulators which showed a phenotype when
they were deleted were HU and THF. A AhupB strain showed
a decrease in persistence, and this decrease was even more
pronounced in the mutant with the hupAB double mutation.
The opposite effect was observed in an IHF-null strain and a
strain with a ihfB single deletion, which were both high-level-
persistence mutants. IHF binds to specific DNA sequences of
30 to 35 bp (21) and directly or indirectly regulates the tran-
scription of more than 100 genes (3). Thus, a fluctuation in the
level of persistence in an exponentially growing culture of an
IHF-null strain might be explained by the deregulation of
numerous genes. In contrast, HU binding to DNA is nonspe-
cific (11). HU acts as a regulator by promoting and inhibiting
the DNA binding of transcriptional regulators, such as the
cyclic AMP repressor protein, the Lac repressor, the Gal re-
pressor, the Trp repressor, and LexA (19, 48).

The genes identified by this screen provide good clues to the
mechanism of persister cell formation and maintenance and
serve as a starting point for a more detailed investigation of the
molecular mechanism of multidrug tolerance. What this screen
missed are possible highly redundant persister genes, such as
the toxin/antitoxin modules, the essential genes, and most reg-
ulatory RNAs. It appears that a combination of several inde-
pendent approaches will be required to obtain a comprehen-
sive set of genes that participate in persistence.
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