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Abstract 

Persistence is a phenomenon in which a genetically uniform population of 

bacteria, when exposed to an antibiotic to which they are sensitive, show a biphasic death 

curve.  A portion of the population dies at a certain rate, whereas the rest of the 

population, the persisters, die at a slower rate.  This is different than genetic resistance, 

because when a population of only persisters is regrown and then given the same 

antibiotic, the same biphasic death curve is produced.  The persistence is not genetically 

conferred to the entire population, but appears in the same fraction of the population as in 

the previous test.  This has led some scientists to suspect that any bacterium can be in 

either the persister or non-persister state, and can switch between the two.  My data show 

that in a population of 109 colony-forming units of ampicillin-sensitive E. coli-C, there 

are between 105 and 106 persisters that, starting within the first few hours after the 

ampicillin is added, constitute the entire population.  I have characterized persister curves 

in Escherichia coli in response to different concentrations of ampicillin.  The variation in 

drug concentration results in different rates of death for both normal cells and for 

persisters.  I analyzed the data by applying a mathematical model of persistence that 

assumes in each phase increasing drug concentration increases death rate by a constant 

proportion, to see how accurate the model is. 
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Introduction 

Bacteria are single-celled organisms that are classified as prokaryotic, meaning 

they do not have membrane-bound nuclei or organelles.  Eschericha coli is rod-shaped 

and propelled by long flagella.  It is a gram-negative bacterium, so called because it does 

not retain color when died with the Gram stain, implying the presence of an outer 

membrane (“Escherichia coli”, The Columbia Encyclopedia). 

 In recent years, the popular media has been flooded with stories of E. coli 

outbreaks, illness, and death related to consumption of common food items.  In 2006, an 

outbreak of E. coli O157:H7 caused 199 infections and 3 deaths in the United States, all 

resulting from consumption of fresh spinach (“Update on Multi-State Outbreak of E. coli 

O157:H7 Infections From Fresh Spinach”, Center for Disease Control).  Normally, 

though, E. coli harmlessly inhabits the intestinal tract of humans and other animals and 

provides protection from other kinds of harmful bacteria, in addition to aiding digestion 

(“Escherichia coli”,   The Columbia Encyclopedia). 

Ampicillin is an antibiotic often used to treat and study E. coli.  Ampicillin is part 

of the penicillin family of antibiotics, which is a category of ß-lactams.  ß-lactams, which 

include both penicillins and cephalosporins, are often used to treat infection in humans 

because they are effective against many kinds bacteria, but are not very toxic to humans 

(Blumberg and Strominger 1974). Even low concentrations of penicillins, compared with 

effective concentrations of other antibiotics, interfere with the formation of outer cell 

wall material, so that an actively growing cell will eventually undergo lysis, or cell death 

(Blumberg and Strominger 1974).  ß-lactams are often studied in laboratories because of 

their wide range of clinical applications and because of the ease with which many 
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common bacteria are developing resistance to them.  In fact, ß-lactam antibiotic sales are 

currently $15 billion per year, which accounts for 65% of antibiotics purchased annually 

in the world (Elander 2003). 

The growth cycle of bacteria can be described by six phases (Figure 1): the lag 

phase, in which the growth rate is zero; acceleration phase, in which the rate of growth is 

increasing; exponential phase, in which the bacteria are rapidly dividing and their 

numbers are growing exponentially; 

retardation phase, in which the growth 

rate decreases as the carrying capacity 

of the environment is approached; 

stationary phase, in which there is no 

more growth; and phase of decline, in which the bacteria are dying (Monod 1949).   

Though most commonly known for causing disease, E. coli is also widely used in 

research because it relatively easy to grow and manipulate.  Not only are studies done 

relating specifically to treating E. coli infection in humans, but also to investigate other 

biological occurrences, because E. coli can be genetically manipulated and used as a 

basic genetic model for more complex organisms. 

I have been particularly interested by the phenomenon of bacterial persistence, 

which is best described by Balaban et al. (2004): “A fraction of a genetically 

homogeneous microbial population may survive exposure to stress such as antibiotic 

treatment. Unlike resistant mutants, cells regrown from such persistent bacteria remain 

sensitive to the antibiotic.”  In other words, when a genetically uniform population of 

bacteria, such as E. coli, is exposed to antibiotics to which they are sensitive, not all cells 

 
Figure 1. (Monod 1949) Stages of bacterial growth. 
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die at the same rate.  Most of the cells die at a certain exponential rate, while a fraction of 

the cells dies at a slower logarithmic rate, such that when the death curve of the entire 

population is graphed on a logarithmic scale, the curve looks similar to the one in Figure 

2.  In E. coli-C, the strain I used, I found that 1 in 103 cells dies at the slower death rate, 

and is classified as a persister.  The first part of the curve represents the death rate of the 

non-persisters, and the second part of the curve represents the death rate of the persisters.  

Once the number of non-persisters drops below the number of persisters, the slope of the 

curve is more affected by the death rate of the persisters than that of the non-persisters. 

 
 

 

 

 

 

 

 

 

 

 Persistence is distinct from antibiotic resistance because persistence is not 

heritable (Keren et al. 2004).  That is, if a culture of cells treated with antibiotic until only 

persisters remain is then washed and inoculated in fresh medium, the same death curve 

results.  Keren et al. (2004) repeated this several times with same culture, getting a nearly 

identical death curve each time.  While there are genes associated with variation in 

 
Figure 2. A simulated bacterial death curve, showing evidence of persistence 
after 3 hours. 
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frequency of persisters, there is no genetic difference between normal cells and persisters 

(Lewis 2007). 

Persisters are genetically normal cells, which, according to an expression profiling 

of RNA in isolated persister cells, show significantly less transcription of genes used in 

energy production and some non-essential functions (Lewis 2007).  Balaban et al. (2004) 

showed that persisters are cells that are not actively dividing.  E. coli that express a 

fluorescent protein were grown on plates with narrow grooves such that the cells could 

only grow and divide along the groove, which was one cell thick.  This left fluorescent 

strings of cells that had grown from individual cells.  The cells were exposed to 

ampicillin for several hours, and then the ampicillin was removed and the medium was 

washed.  Figure 3 shows images taken from this experiment.  The rapidly growing cells 

form fluorescent lines.  The red arrow identifies a persister cell, which does not form a 

string because it is not actively dividing.  When ampicillin is added, the strings of 

dividing cells die, leaving the persisters, which then begin to divide once the antibiotic is 

removed. 

 
Figure 3. (Balaban et al. 2004) Evidence that persisters are characterized by a lack of cell growth. 
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It is unclear the exact mechanism by which persisters are created. Balaban et al. 

(2004) study persistence by observing the hipA7 (hip stands for high persistence) mutant, 

which is a strain of E. coli with a higher proportion of persisters than in the wild type 

strain (Figure 4).  They classify hipA7 persisters as Type I persisters, which they define to 

mean they generate persisters during stationary phase and the number of persister cells is 

directly proportional to the number of cells in stationary phase.  This agrees with 

McDermott’s (1958) suggestion that persisters are created in the early stages of an 

infection, rather than as a result of the stress of antibiotic treatment.  The death curve is 

characterized by an initial rate of death of the hipA7 mutants that is comparable to the 

wild type, and then a persister rate of death that is characterized by a significantly longer 

lag.  These persisters are classified as Type I persisters. 

 
 A different mutant that 

Balaban et al. (2004) studied, hipQ, 

generates persisters that behave 

slightly differently, designated Type 

II persisters.  The number of Type 

II persisters is determined by the 

total number of cells growing in 

medium and are generated during exponential growth.  Balaban et al. (2004) also suggest 

that wild type E. coli exhibit both types of persisters, according to the model, and 

developed a series of equations to describe the behaviors of both persister types. 

 
Figure 4. (Balaban et al. 2004) Persistence in the hipA7 
mutant compared to wild type. 
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 First, a few variables are defined (Table 1).  Balaban et al. (2004) provide a figure 

to describe these variables, as well as equations describing the rates of change of the 

population of normal cells 

and persisters (Figure 5). 

 In the case with 

Type I persisters, the rate of  

change from normal cells to 

persisters (a) is zero because all the persisters are created during stationary phase.  The 

first part of the Balaban et al.’s (2004) first equation represents rate of change of 

persisters over time, –bpI + µppI, which accounts for the rate at which persisters die and 

the rate at which persisters become normal cells.  The term –bpI is the product of the rate 

at which persisters become normal cells and the total number of Type I persisters. µppI is 

the product of the persister death rate and the fraction of Type I persisters at a given time.   

 

The term is positive because µ is expected to be negative, denoting a death rate, or a 

negative growth curve.  Similarly, Balaban et al. (2004) describe the rate of change of 

normal cells and persisters over time for both the Type I and Type II persister models.  

n Fraction of normal cells in a population 
p Fraction of persisters in a population 
a Rate at which normal cells change to persisters  
b Rate at which persisters change to normal cells 
µn Death rate for normal cells 
µp Death rate for persisters 
Table 1. Definitions of variables used in the persistence models. 

 

 
Figure 5. Balaban et al.’s (2004) mathematical description of persister behavior. 
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The Type II persister models have the extra term, ±an, representing the rate at which 

normal cells become persisters. 

 An understanding of persistence is important to clinical biology.  Bacteria that 

suppress some cellular functions in a portion of the population become less sensitive to 

antibiotics and exhibit this tolerance in the presence of different types of antibiotics 

(Keren et al. 2004), which makes it much more challenging to combat an infection.  

Persistence has been observed across a wide range of bacteria and antibiotics (Dhar and 

McKinney 2007).  Many bacteria that have shown evidence of persisters are bacteria 

known to be harmful to humans in addition to E. coli, such as Mycobacterium 

tuberculosis, pneumococci, and Pseudomonas aeruginosa (McCune et al. 1956, Spoering 

and Lewis 2001, Tuomanen et al. 1986).  Other antibiotics that result in persister 

behaviors in addition to ampicillin include other ß-lactams, and ofloxacin, a 

fluoroquinolone antibiotic (Cozens et al. 1986, Spoering and Lewis 2001, Tuomanen 

1986). 

 A clinical description of bacterial persistence, as given by McDermott (1958), is 

as follows: A series of patients with a drug-susceptible infection were treated with 

antibiotics, and all appeared healthy.  Most of these patients remained free of infection, 

but a small portion showed signs of illness again some time later.  The bacteria isolated 

from these patients were not drug resistant, and the patients responded to another course 

of the same antibiotic treatment, showing evidence of persistence.  If the bacteria had 

developed resistance to the antibiotic, they would not have responded to the second 

treatment.  Instead, McDermott (1958) described this persistence as the ability of a 

bacterium to “play dead”. 
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 It is suggested, though, that infection with a bacterium that shows persistence may 

not be inherently more dangerous than that with a bacterium that does not show 

persistence, because persisters may only cause what is known as a latent infection, which 

is the presence of bacteria that does not cause fatal disease (McKay et al. 1957).  Also, 

some “unusual” ß-lactams are more effective at killing slow-growing bacteria (persisters) 

than others, such as MT 141 and CGP 17520, although the reason why this is the case is 

not known (Cozens et al. 1986, Tuomanen 1986). 

 While researching persisters, I did not find any data regarding the effects of drug 

concentration on persister behavior.  My experiment was designed to explore this 

question.  I developed an experiment that I knew would yield a death curve that showed 

evidence of persistence, with a clear biphasic curve, and then did the experiment with 

three drug concentrations simultaneously.  I found that by using ampicillin concentrations 

of 5, 100, and 500 µg/mL, the death curves vary significantly in slope.  I repeated the 

experiment, but with more replicates and only two drug concentrations, 5 and 500 

µg/mL.  I then tested a modified version of the model suggested by Balaban et al. (2004) 

to explain the dynamics of the E. coli in response to treatment with different 

concentrations ampicillin.  I found that while persister behavior varied with drug 

concentration, the data were not entirely consistent with the mathematical model, which 

may need to be refined to include factors that were not taken into account in the analysis. 

 

Materials and Methods  
 
 
 I used the strain E. coli-C for all experiments.  I grew a single colony of E. coli-C 

overnight (12-24 h) in 3 mL LB broth, Lennox (Difco) broth shaking at 37°C.  I then 
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diluted the culture 1:10 by adding 1 mL of the overnight to 10 mL LB broth and put it 

back in the 37°C incubator for 90 minutes.  By this time, the culture had reached an 

optical density at 600 nm between .600 and .800, indicating that the cells were in 

exponential growth phase.  Preliminary experiments had shown that cells need to be in 

exponential growth phase to see evidence of persistence, because ampicillin is 

considerably more effective when cells are actively growing than when there are in 

stationary phase (Keren et al. 2004). 

 At this point, Time 0, I divided the culture into one flask per drug treatment.  I 

added an appropriate amount of ampicillin (Fisher Biotech) to each flask.  I determined 

which concentrations were appropriate in preliminary experiments.  For example, in 

creating a culture that had 500 µg/mL ampicillin, I added 50 µL of 50 µg/mL ampicillin 

to a flask containing 5 mL E. coli-C in LB broth.  In the pilot experiment, I used 5, 100, 

and 500 µg/mL; for the following experiment, I used 5 and 500 µg/mL.  

 In order to minimize the time the flasks were at room temperature, I incubated the 

cells in a 37°C water bath at my lab bench for the first two hours of the experiment, 

during which I took samples every fifteen minutes for the first hour and a half, then again 

at hour 2.  I then kept the flasks shaking in a 37°C incubator for the rest of the 

experiment, and took samples every hour until hour 7.  I took samples again at hours 11 

and 23.  

 When I took a sample from one of the flasks, I then diluted it to a concentration at 

which I could consistently and accurately count the colony forming units that appeared 

on the plates the following day, as determined by previous experiments.  Ten-fold serial 

dilutions were made by adding a 100 µL sample to 1 mL LB broth and vortexing it for 2 
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seconds.  Once diluted, each sample was spread on an LB plate.  For example, I made a 

10-5 dilution by taking 10 µL from the flask and adding it to 1 mL LB broth.  After 

mixing, I added 100 µL from the dilution to another 1 mL LB broth and mixed.  I spread 

10 µL from this second dilution tube on the plate, such that the number of colonies that 

grew represented 10-5 times the number of colony forming units (CFUs) in one milliliter. 

 At each time point, I made three plates at each of two appropriate concentrations 

of a sample from each flask.  I kept the plates in the 37°C incubator overnight (12-24 h) 

and then counted the number of colonies on each plate.  I graphed the data using 

Microsoft Excel.  I added logarithmic best-fit lines to the graphs by splitting each data set 

into two sets at the point where I visually determined the slope to change. 

When analyzing my data, I used a variation of Balaban et al.’s (2004) 

mathematical model to describe the behavior of persisters.   Balaban et al. (2004) 

estimated the rate of change of normal cells into persisters (a) to be 1.2x10-6, which is 

significantly smaller than the rate of change of persisters into normal cells (b), 0.1.  The 

mathematical model I used is a combination of Balaban et al.’s (2004) Type I and Type II 

models.  I assumed that cells in the persister state do not die, or die so slowly as to be 

insignificant, such that µp ≈ 0.  I also assume that sensitive cells become persisters at a 

certain rate, rather than as a result of a certain trigger.  In my model, I used µ to represent 

a death rate, rather than a growth-rate, so the values of µ are always positive on the death 

curve.  The model is as follows: 

(1) dp/dt = - bp - µpp ≈ - bp  

(2) dn/dt = bp - µnn.  
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I made the approximation in Equation 1 because I assumed that the death rate of 

persisters is so close to zero as to be insignificant.  From this point forward, I will use µ 

to denote µn because I will only be considering the death rate of normal cells. 

 In the first part of the death curve, when the death rate is relatively high, the 

number of normal cells is approximately 109 and the number of persister is approximately 

105, the fraction of normal cells is approximately 1 and the rate of death of the whole 

population (N) is approximately the same as the rate of death of normal cells, so I can 

estimate µ using 

(3) dN1/dt ≈ - µn ≈ - µ, 

because p is very small, so and n ≈ 1.  The bp term in Equation 2 is ignored because the 

rate of change from persisters to normal cells does not directly change the population 

size. 

 In the second part of the death curve, the population is entirely persisters, except 

for normal cells that are assumed to die as soon as they are no longer in the persister 

state.  The death rate is still the same as the death rate for the normal cells, so, n ≈ bp and 

p ≈ 1, and 

(4) dN2/dt ≈ - µn ≈ - µb. 

With this model, the slopes of the death curves can be easily analyzed.  The slopes of the 

first and second phases of the death curves are described by Equations 3 and 4, 

respectively. 

 The model also assumes that the equilibrium number of persisters, or the place at 

which the death curve changes slope, is independent of drug concentration.  The 

equilibrium number of persisters is reached when the rate of change from persisters into 
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Figure 6. Death curve of E. coli-C treated with 100 µg/mL ampicillin at Time 
0.  The two phases of the curve represent the sensitive cells and the persister 
cells.  The best fit lines were created by splitting the data into two sets at the 
point where the death rate appeared to change phases. 

 

normal cells is equal to the rate of change from normal cells into persisters, which can be 

described as 

(5) an = bp. 

Since n is approximately 1 at this point, while the cells are in exponential growth, the 

fraction of persisters can be estimated by 

 (6) p = an/b ≈ a/b. 

 

Results 
 
 
 Initially, I set out to create a death curve showing evidence of persistence, like 

seen in Balaban et al. (2004). Using an antibiotic concentration of 100 µg/mL and two 

replicates at every time point within the first seven hours, I found the results shown in 

Figure 6.  The curve is biphasic, as was expected, and similar to the one Balaban et al. 

observed.  The graph shows standard deviation bars for the data points in the first seven  
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hours, which are small. 

I then wanted to compare the death curves of E. coli that had been treated with 

different concentrations of ampicillin, in order to see how the drug concentration affected 

persister behavior.  In the pilot experiment, I used three different flasks, aliquotted  after 

the overnight dilution had achieved the desired optical density, with drug concentrations 

of 5, 100, and 500 µg/mL. 

 This experiment, the results of which are displayed in Figure 7, showed that drug  

 

 

 

 

 

 

 

 

 

 

concentration did have an effect on persistence.  The slopes of both phases of the 

persister curves appear to be a function of 

drug concentration.  From the slopes of the  

curves, I calculated µ and b for each drug 

concentration (Table 1).  I did not assess the 

death rate of cells in the persister state, 

 
Figure 7. Pilot experiment showing death curves of E. coli with three different 
concentrations of ampicillin. 

 

Drug 
Concentration 

µ µb b 

5 µg/mL 4.12 0.38 0.090 
100 µg/mL 7.92 0.67 0.084 
500 µg/mL 8.40 0.70 0.083 
Table 2. Values of b, or the rate at which 
cells switch from the persister state to 
normal cells, for each of the three drug 
concentration. 
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because I assumed it was insignificant compared to the death rate of normal cells.  

Therefore, I use only µ to denote the death rate or normal cells.  (Recall that in my model, 

µ is always positive.)  I found that µ, the death rate of normal cells, varied proportionally 

to drug concentration.  On the other hand, b, the rate at which persisters switch back to 

being normal cells, was similar across all drug concentrations, although no statistical 

analysis was done.  Also, the number of persisters in each flask was about the same, at 

105 persisters per milliliter out of a total population size of 109 per milliliter.  This was 

very promising as it qualitatively matched my model’s predictions. 

 Following the pilot experiment, I did a similar experiment (Figure 8), with three  

 

 

 

 

 

 

 

 

 

 

replicates at each time point and only two drug concentrations, 5 µg/mL and 500 µg/mL,  

because this was the maximum number of platings I could accurately do at each time 

point.  I was motivated to do replicate events to assess the significance of the prior 

results.  For this experiment, the data turned out a bit differently.  The value (Table 2) of 

 
Figure 8. Death curves of E. coli with two different drug concentrations. 
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b at 5 µg/mL was consistent with the values of b 

in the pilot experiment, but the value of b at 500 

µg/mL was lower, 0.05.  The number of 

persisters in each flask varied slightly, though in 

both it was around 106 per milliliter.  Both 

number of persisters and variation in b seem inconsistent with my model’s predictions. 

 
 
Discussion 

The data in my pilot experiment fit the mathematical model quite nicely.  I 

calculated values for µ and b based on the slopes of the death curves in the experiment.  

As expected, µ increased with drug concentration.  The values of b at each drug 

concentration were similar, between 0.083 and 0.090, with an average value of .086. 

In the following experiment, the data was not as consistent with the model.  The 

values of b were 0.090 for 5 µg/mL and 0.050 for 500 µg/mL.  I wouldn’t expect a nearly 

two-fold difference between the values of b.  This shows that there was an error in the 

experiment or the model is flawed.  Were it not for the promising pilot experiment, I 

would first question the model, because the data was very consistent with itself.  The 

standard deviation bars on the graph (Figure 8) were so small they were barely visible.  

There is an opportunity for error in deciding the location of the boundary between the 

two phases of the graph, because I chose it by 

visual inspection, but the lines fit the data very 

accurately, as evidenced by the R2 values listed 

in Table 4. 

Drug 
Concentration 

µ µb b 

5 µg/mL 1.73 0.155 0.09 
500 µg/mL 3.87 0.204 0.05 
 
Table 3. Values of b, or the rate at which 
cells switch from the persister state to 
normal cells, for each of the two drug 
concentration. 
 

 R2 value 
5 µg/mL, first phase 0.993 
5 µg/mL, second phase 0.883 
500 µg/mL, first phase 0.836 
500 µg/mL, second 
phase 

0.969 

Table 4. R2 values for the best-fit 
logarithmic curves in Figure 8. 
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 There are several possible explanations for the inconsistency between the data and 

the model, all of which would be interesting to explore further.  In Balaban et al.’s model, 

Type I persisters are created as a result of a trigger.  I do not consider this trigger, 

assuming that persisters are created at a certain rate during exponential growth.  If the 

number of persisters was still increasing at the beginning of the experiment, then the 

fraction of persisters to normal cells was not at equilibrium.  This may account for the 

variation between the two experiments, especially considering the difference between the 

total number of persisters in each experiment, and between the two flasks in the second 

experiment.   

 I also didn’t consider that there may still be normal cells changing into persisters.  

If the death rate is small enough, than some of the persisters which change into normal 

cells will change back into persisters before they are killed, making the slope of the 

second phase of the death curve shallower.  This could be studied by definitively 

calculating the rate at which normal cells become persisters, by making death curves to 

find the number of persisters at many points during exponential growth, and comparing it 

to the death rate, to determine the probability that a significant number of cells would go 

from persister to normal back to the persister state.   

Moreover, I assumed that cells in the persister state did not die, which could also 

be a source of error that could be tested.  If persisters can be killed, before switching back 

into normal cells, than the rate of change of persisters, is once again - bp - µpp.  The slope 

of the second phase of the persister death curve would then become 

(7) dN2/dt ≈ - µnb - µpp ≈ - µnb - µp, 
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because at this point, the population is almost entirely persisters, so p ≈ 1.  This would 

account for the variation in the calculations of b in the original model, because it predicts 

a greater variation in slope in relation to drug concentration as a result of the effect of 

drug concentration on µp. 

 There are many other directions for further study regarding the topic of the effects 

of drug concentration on persistence in bacteria.  Because there was variation between the 

central experiment and the pilot experiment, I would like to try the same experiment 

again, to see if the estimations of a and µ are definitively consistent or not with Balaban’s 

model.   There was considerable day to day variation in death curves, which may or may 

not have been responsible for the variation between experiments.  I would like more data 

on the day-to-day variation in persister death curves.  Numbers to explore include the 

ranges of normal cell death rates, rate of change from persisters to normal cells, and the 

ratio of persisters to normal cells.  From this, it could be observed whether any 

environmental changes effect persister behavior, such as small changes in incubator 

temperature or initial overnight dilution concentration.   

It would also be interesting to see which antibiotics and bacteria show persistence.  

Persistence has already been observed with different classes of antibiotics and different 

kinds of bacteria (Cozens et al. 1986, McCune et al. 1956, Spoering and Lewis 2001, 

Tuomanen 1986), but it would be clinically important to have data on as many kinds of 

antibiotics and bacteria as possible.  I expect that different antibiotics would cause 

different kinds of persister behavior, especially as their mechanisms of action vary.  This 

could change the dynamics of persisters in various ways, including the number of 

persisters, the death rates of both persisters and normal cells, and the rate of change 
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between persisters and normal cells.  I would like to see if I can observe persistence in 

cells treated with indolmycin, an antibiotic currently being studied by Jason Sello, also at 

Brown University.  Indolmycin uses a very different mechanism to kill bacteria than ß-

lactams (Bogosian et al. 1983) and has not been widely studied.   

It is important to know which antibiotics are effective against slowly growing 

cells such as persisters, although there has already been some research in this area 

(Cozens et al. 1986, Tuomanen 1986).  With the interest of more effectively treating 

bacterial infection in humans, it would be valuable to have a catalogue of persister 

behavior in common infectious bacteria in response to a range of different antibiotics. 

A different way to approach the study of persisters, is to use a strain of E. coli that 

produces a luminescent protein, in which case persister death curves can be created with 

fewer resources and much less labor.  Ideally, that the size of a population of this bacteria 

could be accurately estimated with a device that can measure the amount of luminescent 

light emitted by the population, such as the PerkinElmer EnVision.  This would make it 

considerably more practical to collect data on persisters in a wider variety of species of 

bacteria and with more antibiotics.  It would first have to be determined whether 

persisters, which are not actively growing and limitedly express other proteins, will 

luminesce, and whether they luminesce in measurably proportion to their numbers.  This 

could be done by growing a culture of E. coli overnight, diluting it, allowing it to reach 

the exponential growth phase, adding ampicillin, and then at each time point, measuring 

the remaining population in two ways: by measuring the luminescence, and by plating on 

LB plates.  If the data are the same by both methods, than measuring the luminescence is 
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an accurate way to measure the number of persisters and sensitive cells remaining in a 

culture.   

 I would like to see more research done in the hip mutants, including hipA7 and 

hipQ.  Experiments could be done to determine why the hip mutants only have a higher 

incidence of persisters and different patterns of persister behavior as well.  A greater 

number of persisters could represent a higher number of persisters created in relation to 

the total number of cells in the colony, a higher rate of change from non-persister to 

persister, or a lower rate of change from normal cell to persister.  Also, the hip mutants 

may have a different death rate for non-persister cells. 

 Balaban et al. investigate two mutants that exhibit different persister behavior: 

hipA7 are Type I persisters and hipQ are Type II persisters.  It would be worthwhile to 

explore further the dynamics between the two types in wild type E. coli, which Balaban 

et al. (2004) suggest have both types of persisters.  I would like to know the ratio of each 

type of persister at various times in the growth cycle of a population, because the death 

rate would be effected by the ratio between the two.  This could be studied by looking at 

death curves for populations that are in different stages of exponential growth.  If there is 

a significantly different number of persisters when the cells are taken from different 

stages of exponential growth, then a large portion of persisters are created during 

exponential growth, which is evidence of a considerable proportion of Type II persisters.  

There may be a different ratio between the two types of persisters in different strains of 

E. coli, as well as in different species of bacteria.  Different types of bacteria may not 

even follow the same persister model as the Type I and Type II persisters, which could 

also be investigated by observing death curves of different types of bacteria and seeing 
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whether a model that effectively describes persistence in E. coli accounts for the slopes of 

the death curves in other bacteria. 

 It has been suggested that biofilms exhibit behavior similar to persisters in the 

presence of antibiotics (Lewis 2001, Spoering and Lewis 2001).  A biofilm is a 

“population of cells growing on a surface and enclosed in an exopolysaccharide matrix” 

(Lewis 2001), or a thin layer of partially-protected cells on a surface.  Biofilms show an 

increased tolerance to antibiotics, but not heritable drug-resistant mechanisms in the cells.  

Bacteria in biofilms can tolerate concentrations of antibiotic 10 to 1000 times higher than 

are necessary to kill planktonic bacteria (Lewis 2001).  Spoering and Lewis (2001) 

suggest that this tolerance in biofilms is due to the presence of a high number of 

persisters.  Biofilms exhibit multi-drug tolerance, and Schumacher et al. (2009) state that 

60% of infections in the developing world are caused by biofilms. 

 It would be interesting to compare the death curves of biofilms and persisters, in 

the hopes of determining whether the antibiotic tolerance of biofilms is due to the 

presence of persisters and if persisters in a biofilm behave differently than planktonic 

(growing in liquid) persisters because of other factors unique to a biofilm.  There is a 

challenge in that there is no standardized way to study biofilms (Lewis 2001), but this 

could be explored as well.   

 The greatest importance of studying persister behavior is for the clinical 

applications.  Kim Lewis (2007) suggests that persistence may be associated with 

increased levels of evolved resistance.  Biofilms, which show evidence of persistence, are 

a significant cause of bacterial infection in humans.  For the advancement of the field of 

human medicine, it is necessary to gain as much knowledge as possible regarding the 
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behavior of persisters.   Research on persisters, especially regarding the effects of types 

and concentrations of antibiotic treatments, has the potential to be used in the 

development of treatment for a variety of bacterial infections that are common causes of 

serious human illnesses. 
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