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Abstract—Persisters are a small fraction of a genetically growth state characterized by a decrease in rRNA,
homogeneous bacterial population that is significantly tRNA and protein synthesis. This is known as the
more likely to survive antibiotic exposure. A sizeable frac- stringent responseand is mediated by the rapid
tion of persisters are generated during normal growth. The accumulation of (p)ppGpp (Cashel al, 1996).

molecular mechanism behind this process is not known. We
argue that spontaneous persistence in E. coliis the result of ~ R€Sults of (Korchet al, 2003) and our own

transient growth arrests caused by random activation of an €Xperiments show that the persister phenotype is
extended stringent response system containing (p)ppGpp eliminated or severely reduced Ecoli knockouts
linked toxin-antitoxin (TA) modules. Through mechanistic incapable of synthesizing (p)ppGpp. Gene expres-
modeling, we show that antitoxin fluctuations in the gjgn in persister cells (Kereet al, 2004; Shaket
presence of a low (p)ppGpp concentration can initiate o 5006 jndicates the over-expression of toxins
translation shutdowns. Our model generates kill curves _ " . o
that qualitatively match multimodal curves obtained ex- that are part of toxin-antitoxin (TA). mOdU|es'_ TA
modules such as RelBE are also important in the

perimentally. _
stringent response (Gerdex al, 2005; Kuroda,
2006).
|. BACKGROUND
Bacterial persistence has been described soon [I. RESULTS

after the introduction of antibiotics (Bigger, 1944).

. . . . We constructed a minimal, biologically correct
Persisters are responsible for the typical bimodal - : !
mechanistic model of the stringent response, with

or multi-modal kill curves obtained when plomngyarameters taken from the literature or obtained

h[hough global fitting to published observations of
exposure time YB"%oli. The model includes: the transcriptional effect
P j of (p)ppGpp; its RelA-dependent synthesis; an esti-

During killing experiments in a microfluidic de- __ - . .
vice (Balabaret al,, 2004) persisters behaved differ—" ation of the growth rate; the dynamics of the TA

ently from the other cellbefore antibiotic exposure module ReIBE, including its Lon-mediated control
exhibiting very slow growth or not growing ot°Y (P)PPGPp; the inhibitory effect of toxin release

. an translating ribosomes; reversal of ribosome inhi-
all. Some persisters are generated by spontaneBHI% n by tmRNA

transitions of normally growing cells to the persister We add noise to this model, by describing the

phenotype. The simultaneous existence of Seve(re%zyme RelA and the elements of the TA mod-

gzsi?gaﬁgﬁtés(zugggt o;l agggga;tloghéomcg}gggln&e RelBE stochastically. Simulations exhibit rare
! : sllgutdown events caused by fluctuations of the toxin

lar mechanism of persistence is not known. Wh(?evel in excess to that of the antitoxin, often leading

microorganisms encounter an environment with lim- :
t&’ translation shutdown. Such events are less fre-

ited nutrients, they enter a dramatically slowequent in a version of the model where the effect

* GRASP Laboratory, University of Pennsylvania, Leviné)f (p)ppGpP on the TA module was turned off,
Hall L403, 3330 Walnut St, Philadelphia, PA 19104, USAcorresponding to a (p)ppgpp knockout.

Email{halasz kumar  }@seas.upenn.edu . To compare with the phenomenology of persis-

i Department of Medicine, University of Pennsylvania, 522 Johr%- q h distributi f
son Pavilion, 3610 Hamilton Walk, Philadelphia, PA 19104, usAl€NCE, W€ extracted growth rate aistributions for

Emailrubinh@mail.med.upenn.edu . a population of cells by sampling one long noisy

the concentration of colony forming units (CFU
against exposure time, whose slope decreases
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Fig. 1. RelBE (top) and growth rate (bottom) fluctuations in a single ik ' ' ' oot hmose—
cell, in the full model (left) and a knockout where the (p)ppGpp- PPGPP Knockol, no noise -
Lon-antitoxin degradation effect is disabled, mimicking the (p)ppGpj M ]
knockout strain. The presence of a basal level of (p)ppGpp in the fu TN ]
model makes excess toxin fluctuations more likely. \

Surviving fraction

simulation, for the complete model (correspondini @ .ot

to WT) and the (p)ppGpp-toxin knockout version. ..t

We constructed kill curves assuming that the Killing

rate is proportional to the growth rate of a cell a

the time of initial exposure. Both curves exhibit N

multimodal behavior similar to experiments, with

a much reduced persister fraction for the (p)ppGpp-

toxin knockout. Fig. 2. (Top:) Growth rate histograms derived from the long term
simulations partially shown in Figufg 1, by sampling the same cell at

different times. Assuming the sampling times are well separated, this
I1l. DiscussioN is equivalent to a shapshot of an ensemble (colony) of statistically

This is to our knowledge a first dynamicapndependent cells. The (p)ppGpp-toxin knockout has a smaller num-

- . r. of very slowly growing cells. Knocking out (p)ppGpp altogether
mechanistic model that brlngs together the elemeﬁﬁ% turns of all sources of noise, since toxin excess fluctuations

of the extended stringent response, including thecome practically impossible. (Bottom:) Simulated kill curves in

(p)ppGpp-lon-toxin pathway, and the translatiothe presence of an antibiotic for a colony of cells, derived from the

inhibition effect of toxins. While the notion thistograms shown above. We assume that the killing rate (probability
. ) . : o of death per unit time) for each cell is proportional to the growht rate

toxin fluctuations being at the origin of spontaneows the cell at the time of initial exposure. The complete (p)ppgpp

Switching of cells from normal growth to persistenc@ockout has no persisters whatsoever, while the (p)ppGpp-toxin

: connection knockout better approximates the observed (p)ppGpp

has been postulated prgwpusly, (Kem'ra_l., 2004)_ knockout strain.

we have shown that this is made possible entirely

by elements of the extended stringent response

mechanism. We also explain the role of (P)PPGRfecondary function, relevant under less frequent
Our results indicate that the stringent response

and persistence result from same molecular mecha-

r)ism, engaged determinjstically by starvation in the REFERENCES

first case, and stochastically, by molecular fluctua-

tions, in the second. We speculate that it is likeBalaban, N.Q., J. Merrin, R. Chait, L. Kowalik and S. Leibler

i i i (2004). Bacterial persistence as a phenotypic switBhience
that the stringent response has evolved primarily 305 15781576,

under the .evolut|onary pressure of frequem eplsoqﬁéger, J. B. (1944). Treatment of staphylococcal infections with
of starvation, and persistence has appeared as a penicillin by intermittent sterilisation_ancetii, 497-500.
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