Evolution of Resistance to Antibiotics in Bacteria

The widespread use of antibiotics to fight bacterial pathogens has saved millions of lives in the past 60 years. Traditionally, the term antibiotic refers to naturally produced substances, often derived from fungi, that can be used to kill bacterial pathogens. More recently, many of these substances are chemically enhanced; and so antibiotic more generally refers to any medicine that kills bacterial pathogens. However, the ability of antibiotics to kill populations of bacterial pathogens is declining due to the evolution of bacterial resistance. This evolution of resistance to antibiotics, which is primarily due to their misuse, threatens us with uncontrolled outbreaks of infectious diseases.

Over at least the last eight years, there have been multiple unsuccessful attempts to pass laws in the United States that address the problem of bacterial resistance to antibiotics. Currently (May 2009), three different bills have been introduced to Congress.  The most comprehensive of these is the Strategies to Address Antimicrobial Resistance Act sponsored by Rep. Jim Matheson of Utah. It states that the 6 most common forms of resistant bacteria are costing hospitals in the U.S. $1.9 billion per year. This increased cost is passed on to patients and is reflected in skyrocketing health insurance premiums. Increased resistance of bacterial pathogens to antibiotics also results in prolonged suffering of patients, as they wait for an antibiotic to begin to help them fight off an infection. The Strategies to Address Antimicrobial Resistance Act calls for the establishment of an Antimicrobial Resistance Advisory Board, a Task Force, and the development of at least 10 Surveillance and Research Network sites.  This serious public health issue will be more effectively addressed as medical professionals, farmers, and the general public become more cognizant of the principles of evolution in response to natural selection. Additionally, understanding, and therefore taking more seriously, recommendations on the appropriate use of antibiotics involves learning about the unique, and subtle, methods by which microbes transfer bits of genetic information—including genes that infer resistance to antibiotics.

If there is variation among individuals in a trait that influences their ability to survive and reproduce, natural selection favors individuals with more adaptive versions of the trait. If this adaptive characteristic is genetically based, natural selection can result in evolution—a change in the frequency of a heritable trait as it passes from one generation to the next. In many microbial populations, individual bacterial cells differ in their resistance to particular antibiotics. This resistance is often a function of proteins that have been coded for by bacterial DNA. Therefore, variation in resistance to antibiotics is heritable and can evolve in response to natural selection. Also, notice that evolution in response to natural selection is a response of a population to an interaction between individuals and their environment; if the particular antibiotic is not present in the environment, resistance to it does not increase bacterial survival and reproduction, and so the frequency of resistant individuals does not increase in the population.

The evolution of bacteria resistant to antibiotics depends on genetic variation between individual bacteria that influences their level of resistance. In sexually reproducing organisms, new alleles are ultimately generated through mutation. Sexual reproduction recombines alleles existing in the parents to produce offspring with unique genotypes. Bacteria do not have sex. They reproduce through binary fission which divides a bacterial cell to produce two offspring that are genetically identical to the parental cell and to each other. However bacteria can generate new alleles, such as an allele associated with resistance to antibiotics through mutations that occur during binary fission. Mutations occur approximately once every 250,000 bacteria cell divisions. However, because of their rapid generation time (20 minutes under ideal conditions) and their enormous population sizes (a bacterial colony in a Petri dish contains approximately 1 million individuals) bacterial populations are constantly generating genetic diversity which can then be acted upon by natural selection to result in evolution. Unlike organisms composed of eukaryotic cells, bacteria can also move small amounts of DNA from one individual to another through horizontal gene transfer. This is not a form a reproduction; it is simply movement of DNA between individuals of the same species in a bacterial population, or even between individuals of different species in a bacterial community. 

There are 2 general concepts that underlie many specific policy recommendations aimed at reducing the evolution of resistance to antibiotics. First, many bacterial species are necessary, and often beneficial, components of microbial ecology. For example, bacteria that live on our skin, as well as in mucous membranes and intestinal tracts, are a part of our initial line of defense against infection by harmful pathogens. Antibiotics should be judiciously used to target virulent pathogenic bacteria, not to futilely attempt to sterilize our external and internal environment. Secondly, resistant genes move rapidly between microbial populations due to horizontal gene transfer, and so, the prevalence of resistant bacteria is a community and environmental characteristic. For example, individuals working in or even simply living near farms, daycare centers, and hospitals that are using large quantities of antibiotics have been found to harbor increased levels of resistant bacteria (Levy 1998).

There are a variety of public health policy, agricultural practices, and individual behaviors that can inhibit the evolution of bacterial pathogens resistant to antibiotics and that can therefore reduce the cost of health care and reduce patient suffering while doctors search for an effective antibiotic to knock down their illness, and that can save lives. This exercise is designed to help you understand the biological theory behind the following recommendations (Johnson 2001).

· When using an antibiotic, complete the full treatment, even after symptoms lessen (unless there are complications).

· As a patient, do not request, and as a doctor, do not prescribe, antibiotics in response to a cold, flu, or other viral illnesses. This simply increases selection for resistant bacteria and does not affect the virus.

· Use antibiotic ointments on cuts and abrasions, but avoid antimicrobial hand creams, soaps, and laundry detergents.

· Reduce the use of antibiotics in cattle feed and as sprays on fruit trees.

The Treatment Duration Experiment

Student groups will use various tools, such as forceps and spoons, to represent antibiotics. You will use these ‘‘antibiotics’’ to grab objects representing bacteria, a set of objects of a variety of shapes and colors. Each antibiotic will easily pick up some bacteria; other bacteria will be more resistant, harder to pick up. The objects will be sitting on trays; each tray represents an individual host. The reproductive rate of bacteria within an individual will increase when density, and, therefore, competition between bacteria, is low. Bacteria will also be able to migrate between individuals.

You will address the questions: 
· Why should individuals continue an antibiotic treatment after their symptoms are gone? 
· Isn’t this simply over-using antibiotics and selecting for resistance to antibiotics? 
Methods

1. Select 25 each of 4 different strains of bacteria (a total of 100 bacteria) and record each type in a table in your lab notebook.  (See Table 1 for how to set it up).

2. Scatter the bacteria into the individual.

One member of your group will be the timer. The remaining members of your group will be antibiotics, rapidly trying to kill off bacteria. In the first stage of this experiment, you will simulate the behavior of someone who takes an antibiotic until the symptoms disappear and then saves the rest until next time they get sick, and then takes them again. You will work through 4 cycles of illness and periods of feeling fine.

3. Each member of your antibiotic group should use the same type of antibiotic, the same type of tool. When the timer says ‘‘Go!,’’ use the tool to pick up bacteria as quickly as you can and place them in a cup. After 15 seconds your timer will announce ‘‘Stop!’’ 

4. Count the number of each type of bacteria remaining in the individual after this antibiotic treatment and record them in Table 1.  (Create the table in your lab notebook.)
5. Record the total number of remaining bacteria in the far right column of Table 1.  Next calculate the percent of the remaining population composed of each type of bacteria and record your results in Table 1.

6. Assume that now that the antibiotic treatment has been stopped (because bacterial populations were low enough to reduce symptoms), the bacteria can reproduce offspring similar to themselves to bring the population back up to a total of 100. For example, if 8 of the remaining bacteria were round, and if this represents 28% of the remaining population, you would sprinkle 20 more round bacteria into the tub (for a total of 28 round bacteria). You would reproduce each bacterial type in this fashion, and you should end up with a total of 100 bacteria in the individual.

7. Repeat Steps 3 through 6 until you have filled Table 1 in your notebook.
Table 1. Results of short treatment simulation

	
	Bacterial Strains

	Descriptions of bacterial strains (shape, color, size)
	
	
	
	
	Total

	Initial Population
	25
	25
	25
	25
	100

	Number of each type surviving after Antibiotic treatment 1
	
	
	
	
	

	% of total survivors composed of each type after treatment 1
	
	
	
	
	100

	Number of each type added during reproduction
	
	
	
	
	

	Number of each type surviving after Antibiotic treatment 2
	
	
	
	
	

	% of total survivors composed of each type after treatment 2
	
	
	
	
	100

	Number of each type added during reproduction
	
	
	
	
	

	Number of each type surviving after Antibiotic treatment 3
	
	
	
	
	

	% of total survivors composed of each type after treatment 3
	
	
	
	
	100

	Number of each type added during reproduction
	
	
	
	
	

	Number of each type surviving after Antibiotic treatment 4
	
	
	
	
	

	% of total survivors composed of each type after treatment 4
	
	
	
	
	100


You have now completed the first stage of the independent variable by simulating someone who is repeatedly taking short treatments of an antibiotic. In the second level of this variable, you will simulate someone who uses the same amount of antibiotic for the entire duration of the treatment.

1. Select 25 of each of the same 4 strains of bacteria you used in the first treatment; record the description of each type in Table 2.

2. Scatter the bacteria into the individual.

3. Each member of your antibiotic group should pick the same type of antibiotic as in the last treatment. Last time you killed bacteria in four 15-second intervals; this time you will kill bacteria in a single 1-minute interval.  

4. Count the number of each type of bacteria remaining after this antibiotic treatment and record them in Table 2.

5. Calculate the percent of the remaining population composed of each type of bacteria and record your results in Table 2.

Table 2. Results of full treatment simulation
	
	Bacterial Strains

	Descriptions of bacterial strains (shape, color, size)
	
	
	
	
	Total

	Initial Population
	25
	25
	25
	25
	100

	Number of each type surviving after antibiotic treatment
	
	
	
	
	

	% of total survivors composed of each type after treatment 
	
	
	
	
	100


In your lab notebook, answer the following:

1. Which type of bacteria was most resistant in your first experiment? 
2. How did the final percent of these resistant bacteria compare when antibiotics were applied in 4 short treatments versus 1 full treatment?  How about the total number of surviving bacteria?
3. Explain biological reasons for the 4 antibiotics recommendations listed on page 2.
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