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Single-cell recordings reveal subpopulations that grow
and generate resistance at bactericidal concentrations

of antibiotics

B. Henriques-Normark® and S. Normark®'

Antibiotic treatment may select for spontaneous mutations
leading to target alterations, decreased uptake, increased
efflux, or antibiotic inactivation. Bacterial growth in the pres-
ence of the antibiotic is required for resistant mutants to
arise. It is well known that antibiotic treatment at subinhib-
itory levels reduces the growth rate in the population,
thereby selecting for fast-growing mutants with decreased
susceptibility. Here, the authors present antibiotic perse-
verance as a new mechanism for selection of resistance
even at lethal concentrations of an antibiotic (1).
Perseverance implies a heterogenous population not caused
by stable genetic changes where a subpopulation of the
treated bacteria is not growth-inhibited by the antibiotic but
continues to grow and divide for some generations at con-
centrations beyond the minimal inhibitory concentration.
This will result in an expansion of the subpopulation, allow-
ing for a significant increase in the mutation rate, leading to
antibiotic resistance.

The authors discovered perseverance using a microflu-
idic device, allowing time-lapse imaging recordings of the
size increase of individual bacteria in the presence of dif-
ferent antibiotics at different concentrations (2). With this
single-cell approach, two antibiotics, rifampicin and nitro-
furantoin, out of nine tested, gave rise to perseverance.
What is not understood is how the state of perseverance
is regulated and why it does not occur with antibiotics
inhibiting protein synthesis such as chloramphenicol, gen-
tamycin, and tetracycline or DNA replication such as cipro-
floxacin (1).

In the presence of rifampicin, about 2% of the Escherichia
coli population continued to grow and divide but at a 50%
reduced growth rate (1). Rifampicin has only one target in
the cell, the beta-subunit of DNA-dependent RNA polymer-
ase, inhibiting all RNA synthesis in the cell. So, what could
be different in this subpopulation of cells? One possibility
is that the bacterial population is heterogenous with
respect to the influx rate of rifampicin into the cytoplasm
where the target is located. It is known that the outer mem-
brane (OM) of gram-negative enterobacteria constitutes a
permeability barrier against some antibiotics, including
rifampicin. Lipopolysaccharide (LPS) localized to the outer
leaflet of the OM is required for impermeability (3). When
LPS biosynthesis is reduced, phospholipids (PL) flip into the
outer leaflet and disrupt barrier function. Thus, E. coli
mutated in the envA gene encoding LpxC, the first commit-
ted enzymatic step in LPS biosynthesis, are hypersensitive
to rifampicin and several other antibiotics (4). It has been
demonstrated that the LPS levels are regulated by the
YciM/FtsH protease complex, which degrades LpxC (3).
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Cells also appear to counter the consequences of LPS over-
production by reestablishing the balance with PL biosyn-
thesis. Evidence for this coordination of LPS and PL
biosynthesis is a correlation between LpxC and FabZ
required for type Il fatty acid biosynthesis (5, 6). About 1%
of single cells may form a colony on plates containing bac-
tericidal concentrations of rifampicin (7), suggesting that a
heterogeneity in OM permeability is present already before
exposure to the antibiotic. One may therefore speculate
that LpxC and FabZ levels may vary during the cell cycle,
thereby affecting the OM barrier and entry rate for antibi-
otics such as rifampicin.

However, only rifampicin and nitrofurantoin, out of the
nine antibiotics tested, showed perseverance (1), suggest-
ing that the mechanisms of action for these two antibiotics
mattered. An important finding was that perseverance was
associated with a significant reduction in the growth rate
and production of thinner cells (1). Bacteria are exposed
to environmental stresses during growth and therefore
need to respond quickly to such responses to survive.
Among such stress-signaling molecules are guanosine
tetraphosphate (ppGpp) and guanosine pentaphosphate
(pppGpp) that inhibit stable RNA synthesis upon amino acid
starvation, a phenomenon known as the stringent response
(8,9). More recently, an inverse correlation between ppGpp
levels and growth rate has been found under steady-state
conditions (10). These phosphorylated nucleotides interact
with a large number of proteins, including RNA polymerase,
and DnaA, required for DNA initiation as well as proteins
involved in phospholipid biosynthesis. Their biosynthetic
enzymes are regulated both at transcriptional and post-
transcriptional levels (9). To sort out whether or not bac-
teria under perseverance contain altered levels of
alarmones such as ppGpp and pppGpp, cells could be iso-
lated and analyzed using the microfluidic device used by
Gerrit et al. (1).
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It is possible that the mechanism leading to perseverance
against nitrofurantoin is different from that of rifampicin. The
mode of action of nitrofurantoin is unusual as the compound
needs to be reduced by bacterial nitroreductases to nitroso
compounds and then to reactive hydroxylamines that damage
avariety of target molecules such as DNA. Resistance to nitro-
furantoin occurs by inactivating mutations of NfsA and NsfB,
being a major and a minor oxygen-insensitive nitro reductase,
respectively. Resistance to nitrofurantoin can also occur by
up-regulation of efflux pumps (11, 12). Also, in the
case of nitrofurantoin, the subpopulation showing
perseverance exhibited a reduced growth rate (1).
However, this subpopulation appeared much larger
than for rifampicin. Heterogeneities in transcription
of NfsA/Nfs B and/or in efflux pumps are possibilities.
Nitrofurantoin likely mediates bacterial DNA stress known to
elicit various protective stress responses that might be differ-
entially expressed in a treated population, depending on the
stage of the cell cycle when hit by the drug.

Perseverance may be of relevance for the development
of rifampicin resistance during treatment of tuberculosis.
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Using a novel steady-state antibiotic exposure system com-
bined with chromosomal barcoding, small Mycobacterium
tuberculosis subpopulations were found that entered a
state of drug tolerance, that were predisposed to develop
rifampicin resistance. These subpopulations apparently
arose in the culture prior to drug exposure (13). It was
suggested that these difficult-to-eradicate subpopulations
may explain the need for extended treatment regimens for
tuberculosis.

“The authors present antibiotic perseverance as
a nhew mechanism for selection of resistance even
at lethal concentrations of an antibiotic.”

Itis not known whether, but is likely, that subpopulations
showing perseverance and drug tolerance are generated by
similar mechanisms. Identifying genes and pathways
required for these adaptive processes could be possible by
single-cellimaging recordings of mutant populations exposed
to antibiotics using the microfluidic platform developed by
Brandis et al. (1).

G. Brandis, J. Larsson, J. EIf, Antibiotic perseverance increases the risk of resistance development. Proc. Natl. Acad. Sci. U.S.A. 120, 2216216120 (2023).

0. Baltekin, A. Boucharin, E.Tano, D. 1. Andersson, J. EIf, Antibiotic susceptibility testing in less than 30 min using direct single-cell imaging. Proc. Natl. Acad. Sci. U.S.A. 114,9170-9175(2017).

R. L. Guest, S.T. Rutherford, T. J. Silhavy, Border control: Regulating LPS biogenesis. Trends Microbiol. 29, 334-345 (2021).

S. Normark, H. G. Boman, E. Matsson, Mutant of Escherichia coli with anomalous cell division and ability to decrease episomally and chromosomally mediated resistance to ampicillin and several other antibiotics.

. R.J.Heath, C.0.Rock, Roles of the FabA and FabZ beta-hydroxyacyl-acyl carrier protein dehydratases in Escherichia coli fatty acid biosynthesis. J. Biol. Chem. 271, 27795-27801 (1996).
6. S.Mohan,T.M.Kelly, S.S. Eveland, C. R. Raetz, M. S. Anderson, An Escherichia coli gene (FabZ) encoding (3R)-hydroxymyristoyl acyl carrier protein dehydrase. Relation to fabA and suppression of mutations in lipid

Abiosynthesis. J. Biol. Chem. 269, 32896-32903 (1994).

S. Normark et al., Septum formation-defective mutant of Escherichia coli. J. Bacteriol. 128, 401-412 (1976).

S.E. Iving, N. R. Choudhury, R. M. Corrigan, The stringent response and physiological roles of (pp)pGpp in bacteria. Nat. Rev. Microbiol. 19, 256-271(2021).

7.

8. M.Cashel,J. Gallant, Two compounds implicated in the function of the RC gene of Escherichia coli. Nature 221, 838-841(1969).
9

1

0. N.C.E.Imholz, M.J. Noga, N.J. F.van den Broek, G. Bokinsky, Calibrating the bacterial growth rate speedometer: A re-evaluation of the relationship between basal ppGpp, growth, and RNA synthesis in Escherichia

coli. Front. Microbiol. 11, 574872 (2020).

11. R.Roemhild, M. Linkevicius, D. 1. Andersson, Molecular mechanisms of collateral sensitivity to the antibiotic nitrofurantoin. PLoS Biol. 18, €3000612 (2020).
12. M.A.Day et al.,, The structures of Escherichia coli NfsA bound to the antibiotic nitrofurantoin; to 1,4-benzoquinone and to FMN. Biochem. J. 478, 2601-2617 (2021).
13. J.Sebastian et al., Origin and dynamics of Mycobacterium tuberculosis subpopulations that predictably generate drug tolerance and resistance. mBio 13, €0279522 (2022).

20of 2 https://doi.org/10.1073/pnas.2221546120

pnas.org



	Single-cell recordings reveal subpopulations that grow and generate resistance at bactericidal concentrations of antibiotics

