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Abstract

Bacteria, which are often considered as avid reproductive organisms under constant selective

pressure to utilize available nutrients to proliferate, might seem an inappropriate model to study

aging. However, environmental conditions are rarely supporting the exponential growth that is

most often studied in laboratories. In the wild, Escherichia coli inhabits environments of relative

nutritional paucity. Not surprisingly, under such circumstances, members of an E. coli population

age and progressively lose the ability to reproduce, even when environmental conditions provide

such an opportunity. Here, we review the methods to study chronological aging in bacteria and

some of the mechanisms that may contribute to their age-dependent loss of viability.
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1. Introduction

Inoculation and maintenance of a bacterial population in the same environment without the

addition or removal of cells or nutrients is termed batch culture. It differs from continuous

culture systems whereby either a fraction of cells is serially transferred to fresh medium at a

certain point before stationary phase (serial passage) or cells are constantly removed and

fresh nutrients added to the same incubation vessel (chemostat) (1). When inoculated into

fresh LB (see “Subheading 1” below for details) and maintained at 37°C in batch culture, an

Escherichia coli population goes through five distinct phases that can be described in terms

of changes in the number of cells over time and are shown in Fig. 1 (1). The exact timing of

those phases is dependent on both the strain and the technique used during the experiment.

The time periods that will be herein mentioned are based on experiments with strain

BW25113 (2).

The period when no increase in biomass using optical density measurements can be detected

is called lag phase (phase 1 in Fig. 1). It is worth noting that cells removed from cultures

that have spent more time in stationary phase (see below) display longer lag phases

compared to cells removed from “younger” cultures (3). Following lag phase, the culture

exhibits an exponential increase in the number of cells, during the so-called log phase (phase

2 in Fig. 1), which is arguably the most intensively studied physiological state. As time

progresses during log phase, the following four changes occur, among others: excreted
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metabolic by-products accumulate in the medium, pH increases from 7.5 to approximately

8.5, cell density also increases and growth rate declines, marking the onset of stationary

phase (phase 3 in Fig. 1). Inoculation of E. coli cells into conditioned medium obtained from

early stationary phase cultures (after 12 h of incubation) results in cell proliferation detected

as an increase in optical density at 600 nm (OD600, our unpublished observation). This

observation rules out the possibility that cessation of proliferation is the result of nutrient

exhaustion, increase in pH or the accumulation of growth-inhibiting metabolic by-products

in the medium and points to cell density increase as the most important physiological trigger

for stationary phase entry.

The maximum cell density reached is approximately 2×109 cells/mL. After approximately

18 h in stationary phase, during which no change in the number of cells is observed, the

population exhibits a marked decline in the number of living organisms, referred to as the

death phase of the E. coli life cycle in LB (phase 4 in Fig. 1). By the end of the death phase,

90–99% of the original population loses the ability to form colonies when plated on nutrient

agar medium. The progressive loss of viability during the death phase of the E. coli life

cycle, reminiscent of the age-dependent loss of function and increase in death rate that is

defined as aging in higher organisms, makes E. coli an important model organism to

understand aging in prokaryotes but also a system to identify and understand the

fundamental factors that modulate aging in all organisms.

During phase 5 (Fig. 1), the number of cells per milliliter remains relatively constant for

periods of up to 5 years without the addition of nutrients (1). Despite this stability at the

macroscopic level, the surviving population undergoes many cycles of death and

proliferation of mutants adapted to the changing conditions created during the experiment.

This phenomenon has been termed GASPing, which stands for growth advantage in

stationary phase (4). Although quite interesting in terms of mechanisms of evolutionary

adaptation, it is outside the scope of an investigation into the mechanisms of senescence. It

is therefore apparent that continuous culture systems are unsuitable for the study of

chronological aging in bacteria, since the culture is maintained in a proliferating state

throughout the duration of these experiments.

1.1. Studying Stationary Phase Survival in E. coli

Two different types of nutrient media can be used to study stationary phase survival in E.

coli, namely complex media and defined-minimal media. The former contain a mixture of

amino acids, peptides and carbohydrates (see Notes 1 and 2), while the latter contain specific

inorganic compounds that provide the bacteria with all the elements they require, as well as

1Tryptone is marketed as a pancreatic digest of casein. Casein (80%) and whey (20%) are the fundamental protein components of
milk. Casein is a mixture of proteins that contains all of the common amino acids. After it is separated from the other components of
milk, it is subjected to enzymatic hydrolysis using pancreatic enzymes that contain, among others, trypsin and chymotrypsin. The
resulting substance contains varying amounts of all the amino acids, both free and as part of peptides, and very little carbohydrate (4.3
mg/g).
2Yeast extract, an animal-free peptone, is manufactured by the controlled autolysis of cultures of the baker’s yeast S. cerevisiae. Apart
from amino acids, it also contains a significant amount of carbohydrate (163 mg/g) and also several micronutrients that include B-
complex vitamins. All information regarding the contents of LB was extracted from the BD Bionutrients™ technical manual, third
edition revised, which is available from the manufacturer’s website.
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a defined carbon and energy source (usually glucose). The most commonly used complex

and defined media are LB and M9 minimal medium, respectively.

The nutrients available in unbuffered LB versus minimal media and the pH eventually

reached are quite different (also depending on the carbon source used in minimal media)

and, as a result, physiological changes and other phenomena observed during the stationary

phase of the bacterial life cycle will not always coincide among different media (Fig. 2).

Perhaps the most important functional distinction between stationary phase in LB compared

to stationary phase in minimal medium is that in the latter, stationary phase is reached due to

the exhaustion of a specific nutrient required for the production of biomass. The limiting

nutrient is chosen by the investigator and is commonly the phosphate, nitrogen or carbon

source. Under such conditions, the survival and underlying physiology of E. coli cells

starved for a specific nutrient is examined. By contrast, cessation of proliferation of a

population maintained in LB is not triggered by nutrient exhaustion (see above). A lot of

work has been done on the stationary phase physiology of E. coli under conditions of

starvation for a specific nutrient; the information extracted from these studies should not be

extrapolated to stationary phase in LB without sufficient experimental verification.

Despite the differences in the proximal causes of stationary phase entry, the life cycle of

stationary phase E. coli in different fresh media is quite similar, characterized by a log phase

followed by death (5) and the expression of the GASP (6). The physiological differences

between cells proliferating in LB and M9 minimal medium containing 0.4% glucose as the

carbon source have been described using a microarray analysis of gene expression. Higher

expression of amino acid and pyrimidine biosynthetic genes, as well as glucose metabolism

genes was observed in minimal medium compared to LB (7). On the other hand, LB-grown

cultures had increased expression compared to minimal medium of gluconeogenic genes and

genes that mediate the breakdown of small molecules.

Reports of the abundance of E. coli in its aquatic habitats vary from 0.01 to 10/mL in

pristine well water and mountain streams (8) to 100–1,000/mL in the watersheds of grazed

pastures (9). These studies used the colony-forming ability as a measure of the abundance of

bacteria. However, a considerable proportion of bacteria in aquatic environments is

metabolically active as judged, for example, by electron transfer activity, but cannot form

colonies when transferred on rich nutrient medium (10). This physiological state has been

termed viable, but not culturable (VBNC) and its contribution to the ecology of enteric

bacteria has been intensively studied. The last cited reference enumerates as many as 47

different techniques that have been used to accurately assign bacteria to the correct place of

the physiological spectrum that ranges from active proliferation to death. It therefore

becomes apparent that any account of the viability of E. coli in its secondary environment is

heavily dependent on the methodology used to quantify viability. Detailed examination of

the relative merits of these techniques is outside the scope of this text.

Some studies report that, in river water, the loss of culturability is paralleled by a decrease in

direct counts (number of cells visible under the microscope) obtained by acridine orange and

viable counts estimated using yeast extract and nalidixic acid and therefore conclude that E.

coli should not enter the VBNC state in such a habitat (11). Others report a progressive loss
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of colony-forming units (CFU’s) in seawater, while metabolic activity assayed by the ability

of a functioning electron transport chain to reduce 2-(p-iodophenyl)-3-p-nitrophenyl-5-

phenyltetrazolium chloride remains constant, thus suggesting that the VBNC state is indeed

a part of the physiology of E. coli in aquatic environments (12). Total cell counts obtained

by microscopy appear to remain constant even after extended incubation (56 days in ref. 11)

reflecting a preservation of the integrity of the membrane of otherwise dead bacteria. It is

worth mentioning that the seemingly straightforward observation of colonies after

incubation on solid nutrient media used to measure colony-forming ability is complicated by

the fact that E. coli loses the ability to form colonies on Endo agar, a medium commonly

used to detect enteric microorganisms, while retaining the ability to form colonies on

trypticase soy agar (13). Attempting a generalization based on several published studies,

Rozen and Belkin suggest that the ability to form colonies on nutrient plates is the first loss

of E. coli when faced with conditions approximating seawater in vitro, while other metabolic

capabilities are either retained or lost at differing rates (14). Thus, a significant part of the

life of E. coli in soil and aquatic habitats may be spent in the VBNC state.

On the other hand, during stationary phase incubation in LB, colony-forming ability and

viability do seem to coincide, according to the study of Ericsson et al. (15). In this study,

stationary phase E. coli maintained in nutrient broth were trapped, stained with the

fluorescent dyes SYTO 9 and propidium iodide, and observed using fluorescence

microscopy after the addition of fresh nutrient medium (15). Bacteria fluorescing green

(SYTO 9) have intact membranes, whereas red bacteria have damaged membranes that

allow propidium iodide to enter. Upon fresh nutrient addition, none of the cells stained red

divided and 93.3% of cells stained green did. These results argue against the existence of

viable but not culturable cells during stationary phase in complex medium, such that

viability, survival and culturability can be considered generally equivalent under the

experimental conditions described above. Therefore, according to the life cycle (Fig. 1), a

long-lived E. coli population is one that survives longer in stationary phase (phase 3 in Fig.

1) compared to the control population.

Based on this technique, a genome-wide screen for long-lived single-gene knock-out

mutants in E. coli was performed and several strains that exhibit extended stationary phase

survival compared to wt, independently if the cultures’ pH (Fig. 2) were found. The

extended survival of these mutants was dependent on the hypoxia-inducible transcription

factor ArcA and on the production of acetate, one of the metabolic by-products of

fermentation (16). The metabolic switch from TCA cycle/respiration to glycolysis and

glycerol production was recently reported as a central component of the lifespan extension

observed in the Saccharomyces cerevisiae tor1Δ and sch9Δ mutants (17). Such mechanisms

of lifespan extension are expected to be dependent on a broad metabolic repertoire that

confers the ability to grow and survive both in the presence and absence of oxygen. A

metabolic model for lifespan extension in the nematode worm Caenorhabditis elegans,

which cannot survive in the absence of oxygen, also invoked the reduced use of aerobic

respiration in favor of fermentative malate dismutation, producing acetate and succinate, as

a common metabolic adaptation of most long-lived mutants described for this species (18).

Recently, several studies implicated HIF-1, a functional homolog of ArcA found in
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metazoans, in lifespan regulation in C. elegans (19–21). Thus, the metabolic alterations

leading to extended stationary phase survival in the bacterium E. coli might reveal the

conservation of fundamental lifespan-regulating mechanisms.

1.2. Protein Carbonylation

Protein carbonyls are carbon–oxygen double bonds formed at the side chains of the amino

acids argininc, lysine, proline, and threonine (22). Unlike other oxidative modifications like

disulfide bond formation, these modifications are irreversible, rendering the degradation of

the affected proteins the only means of limiting the dysfunction caused by their presence. A

time-dependent accumulation of protein carbonyls is observed during stationary phase in E.

coli (24), with some proteins showing increased susceptibility (TCA cycle enzymes, among

others) (23). Populations lacking both cytosolic superoxide dismutases display a higher

amount of protein carbonylation and also a more rapid loss of viability during stationary

phase. On the other hand, incubation of a stationary phase population in the absence of

oxygen causes a significant lifespan extension (24). The use of radioselectan equilibrium

density-gradient centrifugation allows the separation of a stationary phase population of E.

coli to a high-density and a low-density fraction. Desnues et al. showed that die high density

fraction displays increased expression of catalase, enhanced protein carbonylation and

preferential loss of viability compared to the low-density fraction (25). These observations

provided credence to the notion that oxidative deterioration of proteins is causally linked to

stationary phase death in E. coli.

In another study, an age-dependent accumulation of protein carbonyls was observed in the

wild type (wt) strain incubated in LB buffered at pH 7.5, but protein carbonyls were reduced

in the long-lived lipA strain (26), consistent with the hypothesis that age-dependent death in

E. coli is associated with the accumulation of protein carbonyls. However, the lipA acs

mutant survived longer than the wt strain, despite having a similar protein carbonylation

load to wt. It is possible that a compensatory, longevity-assuring mechanism is activated in

the lipA strain to counteract the increased protein carbonylation caused by the lack of Acs.

However, the most parsimonious interpretation for these data is the lack of a causal

association between stationary phase survival and protein carbonylation in E. coli.

In an early attempt to tackle the mechanistic basis of aging, Harman proposed in 1956 that

free radicals (such as the ones that give rise to protein carbonylation) generated as a

consequence of oxidative metabolism cause aging (27). Studies providing evidence for this

theory in many different model systems have been performed since it was first put forward.

An account of this vast volume of work is outside the scope of this text; the interested reader

is directed to a recent review (28). However, more recently a number of studies have

challenged the generality of the free radical theory of aging. The nematode worm C. elegans

has five sod genes. A recent report found that lack of any one of those genes, as well as

combined deficiency of two to three genes has no effect on the organism’s lifespan (29).

Instead, lack of the mitochondrial SOD further extends the lifespan of the long-lived clk-1

mutant. Overexpression of the mitochondrial SOD in mice does not protect against age-

related neurological defects and produces a 4.3% mean lifespan extension (30), which is
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much smaller in magnitude compared to the effects observed with mice deficient in the

growth hormone axis (31).

Using an evolutionary biology approach, Jobson et al. compared the nonsynonymous and

synonymous evolution of approximately 5.7 million sites in 25 species and correlated these

changes to the species’ lifespan. Despite the limited capacity of such an associational

approach to reach valid conclusions about a phenotype as complex as aging, the authors

found that genes involved in oxidative stress defense, including the superoxide dismutases,

have not been involved in the selection process that led to increased lifespans in mammals

(32). The authors found such evidence for genes involved in lipid composition. However, it

is likely that: (a) even though free radicals may be one of the major mediators of age-

dependent cellular damage the overexpression of specific antioxidant enzymes is not a

sufficiently sophisticated intervention to insure that toxic levels of free radicals are reduced

while the normal levels of free radicals, which participate in cellular function, are not

affected, (b) Similarly, genes involved in oxidative damage may not have been involved in

the selection process leading to lifespan extension because altered function of each gene

alone would be expected to have both beneficial and detrimental effects.

Thus, although there is strong evidence for the involvement of superoxide in certain

diseases, such as amyotrophic lateral sclerosis, its role in lifespan regulation is mixed across

different model systems and experimental circumstances. As mentioned above, there is also

mixed evidence about the involvement of oxidative damage in bacterial senescence. The

available data suggests that although protection against oxidative stress may lead to a

modest lifespan extension, it may be only a small part of the longevity promotion effect

induced by interfering with the central regulators of aging, such as the evolutionarily

conserved, nutrient-responsive growth hormone/insulin growth factor I signaling pathway

(31).

1.3. Oxidative DNA Damage

Rifampicin is a broad-spectrum bacteriostatic drug that acts by inhibiting subunit β of the

RNA polymerase, encoded by rpoB in E. coli (33). Point mutations in this gene prevent

binding of the drug to its target, allowing growth of the mutant strain in the presence of the

antibiotic. The occurrence of rifampicin-resistant mutants (which represent mostly base

substitutions) has therefore been used as an indirect measure of DNA damage in E. coli (34).

To our knowledge, the role of DNA damage in the stationary phase survival/aging of E. coli

has not been studied. Although the extended lifespan phenotype we unveiled (16) could

provide fertile ground for the exploration of this subject, no time-dependent increase in

DNA damage was observed by enumeration of rifampicin-resistant mutants in the wt strain

(2). The reason for this could either be technical or biological. On the technical side, the

assay used might not be sensitive enough to detect age-dependent DNA damage occurring

during a survival experiment, since the rpoB locus might not be a representative target of the

genome-wide DNA damage occurring under these conditions. The biological explanation is

that stationary phase death in E. coli happens independently of damage to DNA; a technique

that measures DNA damage across larger regions of the genome should be used to further

explore this issue. It is worth noting however, that we observed a time-dependent increase in
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oxidative DNA damage in the mutant lacking both cytosolic superoxide dismutases (sodA

sodB) (2), consistent with previous reports about both static (35) and proliferating (36)

populations of this mutant.

1.4. Stress Resistance

One of the hallmarks of stationary phase in E. coli is the development of resistance to heat

and oxidative stress. Cells starved for carbon or nitrogen were markedly more resistant than

proliferating cells to incubation at 57°C or exposure to 15 mM hydrogen peroxide (37).

Furthermore, starved cultures exhibited greater resistance than growing cultures preadapted

to heat or hydrogen peroxide before treatment with the respective stressors. The RNA

polymerase of E. coli is made up of a core component and one of several sigma subunits; the

identity of the sigma subunit is modulated by environmental conditions and confers

sequence selectivity to the polymerase. In broad terms, the sigma 70 subunit (encoded by

rpoD) is used predominantly during log phase and the sigma S subunit (encoded by rpoS)

during stationary phase (38). The latter protein mediates stationary phase resistance to heat

(39) and oxidative stress (40), and also contributes to glycogen synthesis (41). E. coli strains

with extended stationary phase survival also exhibit enhanced resistance to heat stress and to

paraquat treatment (16). Paraquat is a herbicide that catalyzes the formation of intracellular

superoxide, by successive rounds of reduction by intracellular reducing agents and oxidation

by oxygen to form superoxide (42). Stress resistance is coupled to longevity in several

model organisms (43), perhaps reflecting an evolutionarily conserved physiological state

that channels resources away from reproduction and towards maintenance and protection

functions (44).

1.5. Chronological Versus Replicative Aging

The study of stationary phase E. coli populations as a model system for aging should be

contrasted with another observation about the organism’s physiology that has recently been

associated with aging. This observation is that cell division in E. coli, although

morphologically symmetrical, produces two functionally different progeny. Daughter cells

that inherit one of die two poles of the mother cell (“old pole”) show progressively slower

growth rates compared to daughter cells inheriting the “new pole” (45). The mechanistic

basis for aging in this organism is thought to be the asymmetrical segregation of some

aging-inducing factor in cells inheriting the old pole following binary fission. Therefore,

some sort of time-dependent functional asymmetry between “parent” and “offspring” is

tightly linked to the aging process even in organisms without a clear germline/soma

separation. This finding has implications on the evolutionary biology of aging, since it is

inconsistent with the disposable soma theory of aging, which states that organisms age

because of limited resources allocated to the maintenance of somatic cells due to the need to

maintain the germ cells that are responsible for the propagation of the species. Hence, the E.

coli findings obtained using time-lapse microscopy raise the possibility that aging can occur

in an organism without a clear germline/soma separation.

In a different study, cells receiving the old pole were shown to preferentially accumulate

protein aggregates (46), providing a possible mechanistic link to the aging-inducing factor

accumulating in old pole cells mentioned above. These observations are reminiscent of the
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replicative lifespan of S. cerevisiae that has been extensively used to model the aging

process of mitotic tissues in higher organisms (47), whereas the chronological lifespan of

yeast is regarded as a more suitable model for the aging of post-mitotic tissues and

organisms (48). It would be of interest to test the correlation between inheritance of old

poles and stationary phase survival; such an experiment would be quite demanding

technically though, as the observation of functionally asymmetrical division was performed

using time-lapse microscopy (45) and the establishment of a stationary phase population

under such conditions is not straightforward. Conversely, it would also be interesting to

identify any effects of mutations affecting stationary phase survival on the replicative aging

of E. coli.

1.6. Conclusion

In summary, as for eukaryotes, E. coli age chronologically and this process can be

postponed by dietary restriction or by mutations in a number of genes involved in

metabolism. Although both DNA and protein damage can accumulate during aging in E.

coli, it is not known whether this damage is a cause or consequence of aging and viability

loss. The conservation of key age-dependent macromolecular damage phenotypes together

with the role of genes that control the hypoxia response in regulating lifespan in both

bacteria and higher eukaryotes, indicate that some of the most fundamental mechanisms of

aging are conserved from bacteria to mammals. The simplicity of E. coli makes it a valuable

model to test the evolutionary theories of aging.

2. Materials

2.1. Common Materials

2.1.1. Consumables

• pH test strips.

• 125-mm Petri dishes.

• 16-mm glass test tubes.

• 125-mL Erlenmeyer flasks.

2.1.2. Equipment

• Incubator with controlled humidity.

• Orbitally rotating platform.

• pH meter.

2.1.3. Reagents

• LB medium: 1% bacto tryptone (see Note 1), 0.5% yeast extract (see Note 2), 0.5%

(w/v) NaCl. For solid medium, add 1.5% agar. Sterilized by autoclaving.

• HEPES (N-(2-hydroxyethyl)-piperazine-N′-ethanesulfonic acid) buffer: 1 M stock,

sterilized by autoclaving and kept at room temperature.
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• AMPSO (N-(1,1-dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic

acid) buffer: 1 M stock, sterilized by autoclaving and kept at room temperature.

• NaCl, 0.5% (w/v), sterilized by autoclaving.

2.2. Quantification of Protein Carbonyls

• Y-PER protein extraction reagent (Thermo Fisher Scientific Inc—Pierce, Rockford,

EL USA).

• BCA protein assay kit (Thermo Fisher Scientific Inc—Pierce).

• Oxyblot protein oxidation detection kit (Millipore—Chemicon, Billerica, MA,

USA).

• Slot blot apparatus.

• PVDF membrane.

• Blocking buffer: PBS (pH 7.4), 0.05% (v/v) Tween-20, 1% (w/v) BSA.

• Washing buffer: PBS (pH 7.4), 0.05% (v/v) Tween-20.

• Chemiluminescent horseradish peroxidase (HRP) detection reagent.

2.3. Quantification of Oxidative DNA Damage

• Rifampicin, stock solution of 120 mg/mL in ethanol, stored at −20°C.

2.4. Assaying Stress Resistance

• Methyl viologen dichloride hydrate (see Note 3).

2.5. Time-Lapse Microscopy

• Temperature-controlled (Cube and Box incubation system, Life Imaging Services,

Reinach, Switzerland) automated microscope (Zeiss 200 M; Zeiss, Jena, Germany),

along with filters from Chroma, Rockingham, Vermont, USA.

• MetaMorph microscope control software (Universal Imaging, Downingtown, PA,

USA).

• CoolSNAP HQ CCD camera (Princeton Instruments, Trenton, NJ, USA).

3. Methods

3.1. Enumeration of Colony-Forming Units

1. A small (approximately 50 μL) sample is collected from the frozen stock

(maintained at −70°C) and streaked onto a fresh LB agar plate.

2. After incubating the plate overnight at 37°C, inoculate 2–3 colonies into 1 mL of

LB (see Note 4).

3A fresh solution of paraquat is prepared using sterile de-ionized water before each use to ensure that the drug does not break down
during extended storage.
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3. Overnight culture is inoculated (1:1,000) into fresh medium. Cultures are incubated

in 3 mL of LB in 16-mm diameter test tubes rotating orbitally at 220 rpm for 12 h;

stationary phase has been reached after this period (see Note 5).

4. At this point, if working with various mutant strains, cell density can be adjusted to

approximately 1.5 × 109/mL (density of BW25113 strain) by resuspending a pellet

containing the desired number of cells in cell-free spent medium of the same strain.

5. If working with different mutant or wild type (wt) strains reaching different pH at

stationary phase, the pH can be adjusted to 8.5 (pH of stationary phase wt culture in

initially unbuffered LB) by adding AMPSO buffer to a final concentration of 100

mM that has been brought to the desired pH with 10 M NaOH (see Notes 6 and 7).

6. Cultures are incubated at 37°C and 70% relative humidity and CFU’s are measured

over time by removing an aliquot, serially diluting in 0.5% NaCl that has been

sterilized by autoclaving, followed by colony enumeration after plating on LB agar

plates that are incubated for approximately 16 h at 37°C (see Note 8). Hence,

enumeration of live bacteria using this method is dependent on the ability of a non-

proliferating bacterium from the liquid culture to resume growth when transferred

onto solid nutrient media, resulting in the formation of a colony visible by the

naked eye.

3.2. Quantification of Protein Carbonyls

Oxidative damage in the form of protein carbonyls has been used as a biomarker of protein

damage and cellular senescence in E. coli.

1. An E. coli strain is inoculated in 25 mL of LB in a 125-mL flask by a 1:1,000

transfer from an overnight 1 mL LB culture (see Note 9).

2. At 3 h after inoculation, 3 mL are removed from the culture to provide the log

phase sample.

3. 2.5 mL of 1 M HEPES buffer is added to the culture at 12 h after inoculation, that

is the onset of stationary phase (see Note 10).

4. On days 1, 3, and 5, 1.5-mL samples are collected in Eppendorf tubes. The samples

are centrifuged, supernatant aspirated off and the pellets are flash-frozen by

4Survival experiments can also be carried out in a various minimal media (e.g., M9 or M63) with the addition of the different carbon
sources at the desired concentrations (e.g., M9 medium containing 0.5% glucose). The recipe for these media can be found in standard
laboratory manuals (e.g., the one edited by Maniatis).
5In case a higher degree of aeration compared to the one provided by test-tubes is required, cultures can be maintained in 10 mL of
LB in orbitally shaking 125-mL Erlenmeyer flasks.
6The pH can be adjusted to a neutral value (7.5, since the intracellular pH of E. coli over a range of extracellular pH values is 7.4–7.8
(50)) by the addition of 100 mM HEPES buffer to the culture.
7Spontaneous and adjusted pH for the different strains can be quantified using either a pH electrode or pH test strips.
8The period of incubation of these LB agar plates need not be precisely measured, but care should be taken to allow enough time for
any late-appearing colonies to emerge and be counted.
9To minimize the fraction of culture removed for each sampling, larger culture volumes are required compared to those for the
survival experiments described above.
10The quantification of protein carbonyls during a survival experiment is more appropriately carried out at an external pH of 7.5
(rather than 8.5) so as to increase the time-window available for the detection of any age-dependent changes.
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incubating in crushed dry ice for 2 min. The frozen pellets are subsequendy stored

at −70°C.

5. After all samples have been collected, they are removed from the freezer and

thawed on ice.

6. Each pellet is then resuspended in 100 μL of Y-PER protein extraction reagent

(Pierce) and incubated for 20 min at room temperature.

7. Cell debris is pelleted by centrifuging for 5 min at 14,000 × J and the supernatant

used as the protein extract during the subsequent steps.

8. Protein concentration is quantified in duplicate using the BCA protein assay kit

(Pierce, see Note 11).

9. The Oxyblot protein oxidation detection kit (Chemicon) is used to quantify the

amount of protein carbonyls in each sample starting with 8 μg of protein for each

sample in a volume of 5 μL.

10. Each protein aliquot is denatured by the addition of 5 μL, 12% SDS.

11. 10 μL of 1× 2,4-dinitrophenylhydrazine (DNPH) solution is then added and the

solutions incubated at room temperature for 15 min to derivatize the protein

carbonyls.

12. 7.5 μL of neutralization solution is then added.

13. All samples are subsequently transferred to a PVDF membrane using a slot blot

apparatus and the Western blot performed as follows.

14. The membrane is consecutively incubated for 1 h each at room temperature first

with a rabbit anti-DNP antibody and then with a HRP-conjugated goat anti-rabbit

IgG antibody, both in blocking buffer with gentle shaking.

15. The membrane is rinsed twice with washing buffer between the two antibody

incubations and after the second incubation.

16. Chemiluminescent HRP detection reagent is layered on top of the membrane and

incubated for 1 min at room temperature.

17. An autoradiography film is then exposed for 30 s on top of the membrane and

subsequently developed in the darkroom.

18. Signal intensity is quantified using die Image J software (http://rsbwcb.nih.gov/ij/).

3.3. Quantification of Oxidative DNA Damage

1. Cultures are processed as described in Subheading 2 with HEPES (pH 7.5) in a

volume of 25 mL in 125-mLErlenmeyer flasks.

2. Rifampicin-resistant mutants are quantified by plating on LB plates containing the

antibiotic at 120 μg/mL after washing once with 0.5% NaCl.

11All extracts are diluted using water to equalize the protein concentration to that of the least concentrated sample.
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3. The colonies grown in rifampicin are enumerated and normalized by the total

number of CFU’s at each time-point (see Note 12).

3.4. Assaying Stress Resistance

1. To assay heat shock resistance, cultures are buffered with AMPSO after 12 h of

incubation as described in Subheading 3.1, returned to the incubator and 4 h later

(16 h after inoculation) are subjected to a 5-min incubation in a 54°C water bath

without shaking and CFU’s enumerated before and after the treatment.

2. For the measurement of resistance to paraquat (methyl viologen dichloride

hydrate), cultures are prepared in the same way and paraquat (see Note 3) is added

to 500 μM at 12 h after inoculation. CFU’s are enumerated before and after a 12-h

incubation at 37°C.

3.5. Time-Lapse Microscopy

Protocol adapted from (45):

1. A wild-type strain of E. coli is modified to express yellow fluorescent protein under

the control of the lactose operon repressor and the Pl promoter of lambda phage

(49).

2. Cells are inoculated onto microscope cavity slides from exponentially growing

liquid cultures, such that the colonies and cells grow exponentially in a single plane

on the surface of a solid matrix of LB-agarose (NaCl concentration of 5 g/L, see

Note 13). The slides are incubated in a temperature-controlled automated

microscope at 30°C for up to 6 h (see Notes 14 and 15).

3. Up to seven fields containing one to four cells each are manually identified at the

start of the experiment and stored in the MetaMorph microscope control software.

4. Fluorescent images are recorded at each field with time points taken generally

every 4 min for the first 160 min, then every 2 min for die remaining time (see

Notes 16 and 17).

5. Images are taken with a CoolSNAP HQ camera at 100× magnification; the

resulting images have a spatial dimension of 0.064 μm per pixel (see Notes 18 and
19).

12Care should be taken in order to measure any late-emerging colonies on the rifampicin plates. These colonies need to be restreaked
on rifampicin-containing plates to ensure that they are indeed resistant and to rule out the possibility that they arose due to the
breakdown of the antibiotic.
13The slide cavities are sealed with silicone grease and contained sufficient oxygen and nutrients to allow unhindered growth and
fluorescence for the length of the experiment.
14The entire microscope is contained within the incubator, eliminating temperature variation.
15The conditions described for time-lapse microscopy result in an excess of nutrients and a protected environment without external
causes of cell mortality.
16A subset of six colonies is recorded every 40 s for improved time resolution.
17The excitation light does not affect the cellular growth rate.
18Excitation light (480–520 nm) is limited to 5% of the output of a 100-W Hg vapor lamp, with an exposure of 2 s.
19Emission wavelengths are 505–565 nm.
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Fig. 1.
A schematic of Escherichia coli life cycle in LB batch culture; adapted from ref. 1.
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Fig. 2.
Chronological aging of bacteria in unbuffered, alkaline, or neutral pH LB medium; redrawn

based on data published in ref. 16.
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