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	Preface





To study microbiology is to enter another world, the world of the unseen. The microbial world is populated by countless, fascinating creatures that interact with each other to form a complex web of life that is absolutely essential to the survival of all life on Earth. When you study microbiology, your vision of life on Earth will expand in profound ways. You will learn that microbes are not just germs, things to get rid of because they make us sick, but that they can actually help keep us well, that they are used to produce food and medicines, and that they are essential recyclers of human wastes. You will get a glimpse of some life forms that seem more bizarre than anything you have seen in a science fiction movie or episode of Star Trek. By learning how these microbes live, grow, and reproduce, you will come to a deeper understanding of how humans do all these things and how all life on Earth is connected.

I have tried to write E-Z Microbiology in a style that is readable and approachable for both students of microbiology and for anyone who wants to know more about the microbial world. To keep the text readable, I have kept terminology to a minimum and tried, whenever possible, to show the connections between the microbial world and the everyday life of people. For students, I have tried to include the topics that are most frequently covered in college microbiology classes, with a particular emphasis on topics that are relevant to students in the allied health professions, such as nursing and dental hygiene.

If you have comments or questions about anything in this book, you are welcome to contact me by mail at the address below or by e-mail at rkratz@everettcc.edu. I hope you enjoy your voyage into the microbial world in E-Z Microbiology.

René Fester Kratz, Ph.D.

Department of Biology

Everett Community College

2000 Tower Street

Everett, WA 98201
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Microbiology is a challenging subject. Among students in the allied health professions, such as nursing and dental hygiene, it often has the reputation of being the hardest of the biology prerequisites. I think there are a number of reasons that microbiology has earned this reputation. First, microbes are less familiar to people than their own bodies. To study microbes is to study cells and the complex chemical processes that go on in cells. These include subjects that are often very challenging for students, such as metabolism and molecular genetics. Because you often will not be able to relate these subjects to your everyday experience, you will need more time to learn these topics. Second, success in microbiology often requires mastery of process and concept, not just terminology. In other words, you have to learn the “how” and “why” in addition to the “what.” Finally, many microbiology instructors emphasize the application of course content to solve problems. This will require you to use your critical thinking skills. Of course, you should figure out the expectations of your particular instructor, but the following are my recommendations for using this book to help you succeed in a traditional microbiology course. My recommendations are based on research about the human brain and learning as well as on my own experiences as an undergraduate and in graduate school.

1. Set aside enough study time. The rule of thumb is two hours outside of class for every hour inside of class. However, microbiology may require even more time than this, particularly if you are someone who has to work harder to succeed in science courses. If you had difficulty in a course such as chemistry or cell biology, you should be prepared to put in extra time for microbiology.

2. Schedule your study time so you have some time available each day. Studies have shown that our brains retain information better when we take it in smaller chunks, not when we try to cram it in all at once. Longer study sessions on weekends are fine, but you also need some time every day for review. During longer study sessions, take a short break every hour to keep your brain working at its best.

3. Pre-read chapters before going to class. Read through the material that will be covered in lecture before you go. Do not worry if you do not understand everything. You are not trying to memorize the material on this first read; you are just trying to familiarize yourself with it. Pay particular attention to bolded terminology and look at the figures. Note any questions that you have in the margin of the book. As you participate in class, be sure you ask questions about things that confuse you.

4. Stay alert and take good notes in class. Sit in the front where you can be seen (that is where most of the A students sit). Because you pre-read the chapter, your brain should be ready to think about the material. Keep your attention focused in class, follow the discussion, and take good notes. Try to write things in your own words. Do not just write down what the instructor writes down. If the instructor tells a story that helps you understand something, jot a note in the margin of your notebook that will remind you of the example. This will help you when you go back over your notes.

5. As soon as you can after class, go back over the material in your notes, using the book to help you review. Again, studies have shown that going over things again while they are still fresh in your brain is the best way to learn them. Each day, you should go back over the notes for the day. If there is something you don’t understand, re-read the relevant section in the book and see if that clarifies the material. If it does, make notes about what you read in the book in your notebook so that your notes are now clear to you. If, after re-reading the book, you still do not understand, write down your question and go talk to your instructor.

6. Review the material. If you use the suggestions above during the week, you should be staying on top of course material. On the weekends, go back over the material from the week and begin to review and apply it. First, make flash cards for any new terminology. Practice with the cards until you know the terms. When you know a term, remove the card from the stack. Second, use the review questions at the end of the chapter that are relevant to what you did in class and try to answer them. It is best to try to write your answers down. Try to answer the questions without looking at your notes to see what you remember, then go to your notes to fill in things you forgot. Third, use the self-test questions and problems at the back of the chapter to see how well you remember and can apply the material. If your instructor has suggested or assigned other problems, do those too. If you do not understand how to solve a problem, go back to the book or your notes and look for examples. Practice solving the problems until you are confident that you can solve each type. The more you practice and test yourself, the better you will remember and understand the material.

7. Studying for tests. Go back over your notes on any especially difficult subjects. Run through your flash cards again, making sure you are solid on the terminology. For any processes that you were asked to learn, practice either saying or writing all the steps of the process in order, including what happens in each step. Review the problems you have solved and try making up new practice problems and solving them. On the night before the test, go to bed on time and get a good night’s rest. On the morning of the test, eat a good breakfast and resist the urge to try to do last minute cramming. If you have studied well, you are ready. It is better to be relaxed for the test than to try to squeeze in one more fact. When you go to take the test, breathe deeply a few times to relax your body. If you are nervous and feel like you cannot remember anything, scan the test until you find a question that you can answer. Answer that one first. This will get your brain going and help you relax.

8. Studying in groups. Most of the things I know well, I know because I have taught them to someone else. In my opinion, there is no better way to figure out if you really understand something than to try and explain it to someone else. You may think you “get it” in your head, but unless you can also put it together in words you probably really do not. If it is at all possible, try to hook up with a few people from your class for weekly or pre-test study sessions. Make sure you find a good group of people who are going to focus and not just chat about their social lives. If you cannot form a study group, explain things out loud to your cat, dog, significant other, or just yourself. Although you will not have anyone to check your answers, the exercise of putting things into words is still valuable.
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WHAT YOU WILL LEARN

This chapter introduces the science of microbiology. As you study this chapter, you will:

• discover the importance of microorganisms to humans;

• explore the early history of microbiology;

• learn about the types of things microbiologists study.


SECTIONS IN THIS CHAPTER


• Microorganisms and Humans

• The Science of Microbiology





When you look at the back of your hand, what do you see? Do you see the grooves in your skin, the small hairs? What if you could sharpen your eyesight for a moment, zoom in, and see your skin magnified 100 times, 1000 times, 3000 times? The surface of your skin would look like a landscape, a vast uneven floor made of irregular slabs. The hairs would become giant trees jutting out of the surface of the landscape. And as you zoomed in, you would see them, tucked in the grooves and scattered across the landscape of your skin like small boulders (Figure 1.1). Bacteria are on your skin, in your ears, your nose, and your mouth, and if you looked inward, you would see them again, lining your intestines and genital tract. In fact, for every one of your own body cells you possess, there are about ten bacterial cells living in you or on you.
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FIGURE 1.1. Staphylococci on the surface of the skin and around a hair follicle.

With an electron microscope, it is possible to see bacteria scattered on the surface of human skin. The bacterial cells in this drawing are round. The skin cells are large and flat. A hair is seen projecting upward out of the skin.

Before you run screaming for the soap or think you have stumbled into a low-budget horror flick, consider this: Most of the bacteria that live on your body are beneficial to your health. They are part of your normal microbiota, the normal residents of your body. They help stop other, potentially harmful bacteria from taking up residence. Some of the bacteria that live in your intestines even make necessary vitamins for you that you cannot make yourself. If you have ever had intestinal upsets or a yeast infection after taking antibiotics, you have seen firsthand the negative effect of harming your normal microbiota. You need these bacteria and benefit from their presence. In fact, you might be surprised to consider all the reasons people need microorganisms like bacteria, and all the ways we have found to use them in our daily lives.

Microorganisms and Humans

Microorganisms, or microbes, are any organisms that are too small to see with the naked eye. They affect human life in almost every way you could imagine. No winetasting party could be complete without wine and cheese, both of which are made with microbes. And how could anyone celebrate Oktoberfest without beer and sauerkraut? Any food you can think of that is pickled was made with microbes, as were foods like bread and yogurt. If you spill some food on your clothes and throw them in the washing machine, take a good look at your laundry detergent—it just might contain microbial enzymes to help degrade the greasy compounds on your dirty laundry. We also use microbes to help clean up our sewage and even our oil spills.

In the environment, microbes serve a vital role as decomposers, breaking down dead matter so that it can be recycled. Microbes perform over half of the world’s photosynthesis, using sunlight energy to convert carbon dioxide and water to glucose and oxygen. These photosynthetic microbes then serve as food for other organisms, forming the basis for food webs. Some microorganisms can take gaseous nitrogen from the atmosphere and convert it to forms usable by plants and other organisms. This process, called nitrogen fixation, is essential to life on Earth. Without nitrogen fixation by microbes, other kinds of life like plants and animals would not have enough nitrogen to build proteins or molecules like DNA. In fact, microbes are so important to the recycling of nutrients and energy on planet Earth, no other life could exist without them.


REMEMBER

Microbes are far more beneficial than they are harmful to humans and life on Earth.



And then, of course, there is disease. Everyone knows that some microbes make you sick. But did you know that microbes can also help you get well? The antibiotics we use to fight infection are made by microbes to fight other microbes. We have simply taken these compounds and used them for our own purposes. We have even modified some bacteria that would not normally produce useful drugs by adding human genes to them so that they will make things like insulin for people with diabetes. The role of microbes in disease is such common knowledge today, it is hard to imagine that, as little as 350 years ago, people had no idea that microbes even existed, much less knew of their important role in human disease.

The Science of Microbiology

THE DISCOVERY OF MICROBES

For the microbial world to be discovered, of course, the microscope had to be invented. People have used curved lenses to magnify things since the days of the Ancient Romans, but it was not until the 1600s that lenses powerful enough to reveal microbes were invented. Using a microscope, an Englishman named Robert Hooke examined thin slices of cork, which is a plant tissue taken from the bark of trees. When he looked at cork under the microscope, he saw lots of tiny chambers (Figure 1.2). The chambers reminded him of the small rooms that monks lived in, so he named the chambers cells. The cells were visible even though the tissue was dead because of the strong wall that remains behind even after plant cells have died.

[image: f1-2.jpg]

FIGURE 1.2. Cells in cork as drawn by Hooke.

Hooke’s discoveries inspired a Dutch cloth merchant named Anton van Leeuwenhoek. Van Leeuwenhoek, who used lenses to inspect cloth, turned his talents to microscope construction. Through means that are not fully known today, van Leeuwenhoek made a finer quality lens than anyone else at the time, achieving magnifications of about 270 times. As a hobby, he turned his microscope upon all aspects of his daily life, looking at samples from lake water, teeth scrapings, minerals, and even blood. To his initial surprise, almost everywhere he looked he found life, tiny microscopic life that no one had ever seen before. He wrote long letters about his discoveries to the Royal Academy of London, which was the premiere scientific organization of the time. His letters were accompanied by drawings of his animalcules, drawings that can be recognized today as bacteria and other microbes (Figure 1.3).


REMEMBER

Anton van Leeuwenhoek was the first person to see living cells.



Van Leeuwenhoek’s discoveries shook the human view of the natural world. People traveled from all over Europe to peer through van Leeuwenhoek’s microscopes and see microbes firsthand.

Before the discovery of microbes, people thought that disease was caused by sin or by an imbalance in the humors of the body (fire, water, earth, and air). The new awareness of van Leeuwenhoek’s animalcules laid the foundation for future work that connected microbes with disease (see Chapter 16) and set the stage for the development of treatments that targeted real causes of diseases (see Chapter 23).

[image: f1-3.jpg]

FIGURE 1.3. van Leeuwenhoek’s “animalcules.”

Drawings in a letter from Anton van Leeuwenhoek to the Royal Academy of London dated September 17, 1683, that described his microscopic observations of the plaque of his own teeth. (a) The largest type of microbe seen by van Leeuwenhoek in the plaque, which he said were “strong and nimble.” (b)–(d) A microbe that moved, sometimes spinning, sometimes taking a course as shown by the dotted lines from (b) to (d). (e) Very small microbes that van Leeuwenhoek said moved very quickly and were either round or oval. (f) Unmoving “streaks or threads” seen by van Leeuwenhoek. (g) Another type of the microbe shown at (b–d). (h) Clusters of round microbes seen by van Leewenhoek.

THE DEBATE ABOUT SPONTANEOUS GENERATION

The discovery of microbes also tied into a scientific debate about the origin of life. At the time that microbes were discovered, there was a common belief that living things could arise from nonliving matter. For example, people thought that frogs could come to life from mud, or that maggots grew from decaying meat. There was even the idea that if you mixed wheat with soiled underwear and left it alone for a while, it would turn into mice! The idea that living things could be born from nonliving things is called spontaneous generation.

In 1668, an Italian physician named Francesco Redi did some experiments to test the idea of spontaneous generation, specifically to see if maggots could spontaneously arise from decaying meat. He placed meat into different containers, some that were sealed, some that were completely open, and some that were covered with netting (Figure 1.4). He let the meat sit in the containers and found that only the meat in the open container developed maggots. From this he concluded that the meat alone was not enough to generate maggots and that maggots actually came from flies that laid eggs in the meat. His experiment argued against the idea of spontaneous generation and was convincing to many people at the time. Some people, however, agreed that perhaps spontaneous generation did not occur for larger creatures such as maggots, but that it did occur for microscopic organisms like those seen by van Leeuwenhoek.
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FIGURE 1.4. Redi’s experiment.

Meat was placed in three types of containers: containers that were open to the air, containers that were sealed, and containers that were covered with netting. The meat was allowed to rot and observed for the presence of maggots. Maggots appeared only in the meat in the open container.

This led to a series of experiments by different people, some who seemed to support the idea of spontaneous generation of microbes and others who argued against it. One of the people who supported the idea was an English clergyman named John Needham. In 1745, he did an experiment in which he boiled broth, poured it into flasks, and then sealed the flasks. After a while, the broth grew cloudy as microorganisms grew in it. Although Needham concluded from this that microorganisms had spontaneously arisen in the broth, an Italian scientist named Lazzaro Spallanzani thought Needham’s experiment was flawed and that the microorganisms had actually entered the broth after it was boiled but before the flasks were sealed. In 1765, he did an experiment in which he placed broth in flasks, sealed them, and then boiled the broth. This broth did not produce microbes, which Spallanzani said demonstrated that spontaneous generation did not occur. However, one of the other ideas popular around this time was that air contained some sort of “vital force” necessary to life. Because Spallanzani had excluded air by sealing his flasks, some people argued that he had kept the necessary vital force away from the broth.


REMEMBER

Spontaneous generation, the idea that living things could arise from nonliving things, was disproved by Pasteur’s experiment with swan-necked flasks.



The person who finally settled the question of spontaneous generation was the French scientist Louis Pasteur. In 1861, Pasteur repeated the boiled broth experiments but added a clever improvement to settle the question of the role of air. He heated the neck of some flasks to make the glass flexible, then stretched the necks out into an S-curve (Figure 1.5). He then put broth into the flasks, boiled the broth and allowed it to cool. No microbes developed, even though the very tip of the S-necked flask was open to the air. The twist in the neck of the flask prevented air from flowing into the flask and carrying microbes in with it. Only if he tipped the flask so that broth flowed into the neck and back again was he able to generate any microbes. Thus he showed that broth alone did not spontaneously give rise to microbes, even if air was present.

[image: f1-5.jpg]

FIGURE 1.5. Pasteur’s swan-necked flask experiment.

Pasteur heated the neck of a glass flask and then extended the neck into an S-shape. Although the neck was still open to the air, its long curves prevented air from moving into the main part of the flask. Pasteur heated broth in the flask to kill all the microbes and then allowed the flask to cool. No microbes grew in the broth. If he tipped the flask and allowed broth to run into the neck and then straightened the flask, microbes grew in the broth.

MAJOR IDEAS IN MICROBIOLOGY

Experiments like these during the early years of microbiology resulted in many contributions to the understanding of human health and disease, food production, and control of microbial growth. Some of the major accomplishments are listed in Table 1.1. Many of these will be discussed further in subsequent chapters.

TABLE 1.1. Major Ideas in the History of Microbiology
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REMEMBER

The heart of microbiology is the study of microbes—organisms that are too small to see with the naked eye—but microbiology includes the study of many related topics such as the immune system and the importance of microbes to agriculture and industry.



MICROBIOLOGY TODAY

Microbiology is defined as the study of organisms too small to see with the naked eye. This includes a wide variety of organisms, including the familiar bacteria (Chapter 10), the archaea (Chapter 11), eukaryotes (Chapter 12), and viruses (Chapter 13). Both bacteria and archaea belong to a type of cells called prokaryotes, cells whose DNA is not enclosed by a membrane. Eukaryotes are cells whose DNA is enclosed by a membrane; this includes organisms such as plants, animals, and fungi. Viruses are not cells at all and can be as simple as DNA surrounded by protein. Examples and brief descriptions of some common types of microbes are listed in Table 1.2. Although some animals, such as small crustaceans and insect larvae, are microscopic, animals are not traditionally considered microbes, so they are not included in the table.

TABLE 1.2. Common Types of Microbes

[image: t1-2.jpg]

The science of microbiology spans not just the study of microbes themselves but also their impact on humans. This includes topics ranging from food safety to the development of useful products to the treatment of disease. The major disciplines of microbiology are listed in Table 1.3.



TABLE 1.3. Areas of Study Within Microbiology
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	REVIEW EXERCISES FOR CHAPTER 1





1. The biologist Carl Woese said, “Microbial life on this planet would remain largely unchanged were all plant and animal life eliminated, but the elimination of microbial life itself would lead in very short order to a completely sterile planet.” Explain this statement using what you know about the importance of microbes.

2. Describe five ways microbes are beneficial to humans.

3. Describe the contributions of Hooke and van Leeuwenhoek to the science of microbiology.

4. State the theory of spontaneous generation.

5. Describe one experiment that supported the theory of spontaneous generation and one that did not support it.

6. Describe the contribution of Pasteur to the debate about spontaneous generation.

7. Describe the contributions of the following people to the science of microbiology: Jenner, Semmelweis, Pasteur, Lister, Koch, Metchnikoff, Ehrlich, and Fleming.

8. What types of organisms are considered to be microbes?

9. What are the unique characteristics of each group of microbes?

10. What are the major areas of study in microbiology and what does each of them cover?

SELF-TEST

1. All of the following are beneficial effects of microbes for humans except:



A. Clean up pollution

B. Are involved in food production

C. Make useful enzymes

D. Cause disease

E. Recycle nutrients

2. True or False. Anton van Leeuwenhoek was the first person to see cells.

3. John Needham boiled broth, poured it into flasks, and then sealed the flasks. After a while, the broth grew cloudy as microorganisms grew in it. The microorganisms grew because



A. microorganisms can spontaneously arise from broth.

B. boiling does not kill microorganisms.

C. the flasks and the air had microorganisms in them.

D. the theory of spontaneous generation is correct.

E. all of the above are correct.

4. Match each person with their contribution to the science of microbiology.

[image: p10-1.jpg]

5. True or False. Bacteria are prokaryotes; archaea are eukaryotes.

6. True or False. Viruses are a type of bacteria.

7. Which of the following are not correctly matched?



A. Algae—photosynthetic

B. Fungi—grow as threads

C. Bacteria—no nucleus

D. Protozoa—photosynthetic

E. Virus—may contain DNA

8. Which of the following is the study of fungi?



A. Phycology

B. Mycology

C. Protozoology

D. Bacteriology

E. Parasitology

Answers

Review Exercises

1. Microbes perform over half the photosynthesis on the planet, transferring energy from the sun to chemical energy that is usable by other organisms. They are also essential to the process of recycling nutrients, which makes nutrients available to other life forms. For example, only microbes are capable of capturing nitrogen from the atmosphere and turning it into usable forms. Without plants and animals, microbes would continue to thrive because they can perform all the essential functions for life. However, without microbes, plants and animals would die because they would not be able to obtain essential elements from the environment.

2. Microbes are used for sewage treatment, in food production, as enzymes used for laundry detergents, to help keep us healthy, to recycle nutrients in the environment, and for many other uses.

3. Robert Hooke made thin slices of cork and looked at them under the microscope. He saw and drew the remains of the plant cells that had made the cork. He was the first person to see evidence of cells. Anton van Leeuwenhoek was the first person to see living cells. He made the whole world aware that microbes existed.

4. The theory of spontaneous generation was the idea that living things could arise from nonliving things. For example, frogs could grow from mud; maggots, from decaying meat; or microbes, from broth.

5. The experiment of John Needham appeared to support the theory of spontaneous generation. He boiled broth, placed it into flasks, and then sealed the flasks. After a while, the broth became cloudy as microbes grew. This appeared as if microbes had spontaneously arisen from the broth. The experiment of Francesco Redi argued against spontaneous generation. He placed meat into three different types of containers. One was open to the air, another was completely sealed, and a third was covered with netting. In the open container, maggots appeared in the meat. In the sealed and netting-covered containers, however, no maggots appeared. The maggots could not just arise from the meat. The meat needed to be exposed to the air so something (flies) could get to it and bring the maggots (as fly eggs).

6. The experiment of Louis Pasteur with the swan-necked flasks disproved this idea, however. Pasteur heated the neck of flasks and drew them out into an S-shape, leaving the end open to the air. He then placed broth into flasks and boiled them. No microorganisms grew in the flasks because air currents carrying microbes could not get through the S-curve. This disproved the idea of spontaneous generation. Because the tip of the S-neck was open to air, it also answered the criticism that vital force needed to be able to reach the broth in order for spontaneous generation to occur.

7. Edward Jenner used scraping from cowpox blisters to vaccinate a boy against smallpox. Ignaz Semmelweis showed that handwashing could prevent the spread of disease. Louis Pasteur did many things, including his work to disprove spontaneous generation and develop pasteurization. Joseph Lister showed that patient survival could be increased by the use of aseptic techniques during surgery. Robert Koch demonstrated how to prove a particular organism causes a particular disease. His method is called Koch’s postulates. Ilya Ilich Metchnikoff described the process of phagocytosis. Paul Ehrlich proposed the role of antibodies in immunity and also discovered salvarsan, the first chemotherapeutic agent used against a bacterial disease. Alexander Fleming discovered penicillin, the first antibiotic.

8. Microbes are organisms that are too small to be seen with the naked eye. They include bacteria, archaea, viruses, protists (protozoa and algae), fungi, and even some animals.

9. Bacteria and archaea are both prokaryotic, but bacteria have a peptidoglycan cell wall whereas archaea do not. Protists, fungi, and animals are all eukaryotic. Protists are usually single-celled organisms. If they are photosynthetic, they are commonly called algae; if they are not photosynthetic, they are commonly called protozoa. Most fungi grow as filaments. They are not photosynthetic and commonly grow by breaking down dead and decaying matter. Animals are eukaryotic, motile, and not-photosynthetic.

10. The science of bacteriology studies bacteria. Protozoology is the study of protozoa. Phycology is the study of algae. Mycology is the study of fungi. Parasitology is the study of parasites. Immunology is the study of the immune system. Medical microbiology studies microbes of medical importance. Agricultural microbiology studies microbes of agricultural importance. Industrial microbiology studies microbes that are involved in industrial processes or in waste management. Microbial ecology is the study of microbes and their interactions with each other and their environment.

Self-Test

1. D

2. F

3. C

4. 1, A; 2, C; 3, B; 4, J; 5, I; 6, D; 7, F; 8, G; 9, E; 10, H

5. F

6. F

7. D

8. B
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	Cellular Chemistry





WHAT YOU WILL LEARN

This chapter presents the fundamental cellular chemistry that is essential for an understanding of the structure and function of microbial cells. As you study this chapter, you will:

• eview the structure of atoms;

• learn how atoms bond together to form molecules;

• compare the four types of macromolecules found in living things.


SECTIONS IN THIS CHAPTER


• Atoms

• Chemical Bonds and Molecules

• Chemical Reactions

• Acids, Bases, and pH

• The Molecules of Life





Cells, whether they are yours or those of Escherichia coli, are like tiny little factories. They make things, break things down, send and receive signals, and use energy to do work. Normal function of the human body depends on normal function of the cells that make up the body’s tissues and organs. When a microbe enters the body, the products and actions of the microbial cells can disrupt or assist the normal physiology of the body. Thus, to understand health and disease, you must understand cells. And because everything cells are and do depends on their chemistry, to understand cells, you must understand their basic chemistry.

Atoms

Cells are made of molecules, which are themselves made of atoms. Atoms are the smallest units of matter, the tiny building blocks of everything we see, smell, touch, and taste. Atoms consist of three types of particles: protons, neutrons, and electrons (Table 2.1). Protons and neutrons are grouped in the center of the atom, which is called the nucleus, whereas electrons are in motion around the nucleus (Figure 2.1). Protons and electrons both have electrical charge: Protons are positively charged, and electrons are negatively charged. Because the number of electrons in an atom is always equal to the number of protons, they balance each other out, and atoms have no net charge.

[image: f2-1.jpg]

FIGURE 2.1. Structure of the atom.

TABLE 2.1. Atomic Particles and Their Properties
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FIGURE 2.2. The periodic table of the elements.


REMEMBER

All atoms of an element have the same number of protons.



The number of protons an atom has determines its chemical properties and is called its atomic number. Atoms with different numbers of protons make up the elements, the different types of matter. All of the elements identified on Earth so far have been organized by their atomic numbers into the periodic table of the elements (Figure 2.2). For example, compare iron (symbol Fe, atomic number 26) and oxygen (symbol O, atomic number 8). They have different numbers of protons and so are different elements with very different properties.

The periodic table also lists the atomic mass for each element. The mass of an atom is determined by the number of protons and neutrons the atom has. The mass number is the sum of the protons and neutrons. Within an element, some atoms may have different numbers of neutrons. These different forms of an element, which have different mass numbers, are called isotopes. The atomic mass listed in the periodic table is the average of the masses for the different isotopes of the element and takes into account how common each isotope is. For example, carbon (symbol C) has six protons (atomic number 6). The most common type of carbon atom has six neutrons. The mass number of this isotope would be 12 (six protons plus six neutrons, Figure 2.3). However, some carbon atoms have eight neutrons. The mass number for this isotope would be 14 (six protons plus eight neutrons, Figure 2.3). In the periodic table, the atomic mass for carbon is listed as 12.011 because this is an average value for all the carbon atoms on the planet based on the existing proportions of carbon-12, carbon-14, and other isotopes of carbon.
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FIGURE 2.3. Isotopes of carbon.

Carbon-12 and carbon-14 have the same number of protons and electrons, but carbon-14 has two more neutrons than carbon-12.

Chemical Bonds and Molecules

In an atom, the number of protons is balanced by the number of electrons. The number of electrons determines how that atom will react toward other atoms. The electrons in an atom are arranged in energy levels, called electron shells, around the nucleus. Each shell can hold a specific number of electrons. The shell closest to the nucleus can hold two electrons. The next two shells can each hold eight electrons. Atoms will react with other atoms in a way that allows them to fill their outermost shell. This may involve sharing or taking electrons from other atoms. These types of connections between atoms are called bonds.


REMEMBER

Atoms react with other atoms in order to fill their outermost shell of electrons.



To figure out how an atom will react with other atoms, you must first figure out how many electrons it has in its outermost shell. For example, carbon has six protons. Therefore, it has six electrons. Two electrons would fill the innermost shell, leaving four in the next shell (Figure 2.3), which is filled when it has eight electrons. That means a single carbon atom is seeking four more electrons to fill its outermost shell. Hydrogen atoms have one proton and one electron. The electron is in the innermost shell, which is filled when it has two electrons, so hydrogen atoms are seeking one more electron to fill their outermost shells (Figure 2.4). Carbon and hydrogen can react with each and share electrons to fill their outermost shells. If one carbon atom shares electrons with four hydrogen atoms, all the atoms will have full shells (Figure 2.5). When atoms are joined together by bonds, they form molecules. When one carbon atom shared bonds with four hydrogen atoms, a molecule of methane is formed (Figure 2.5). When atoms share electrons, it is called a covalent bond. If one pair of electrons is shared, it forms a single bond. If two pairs of electrons are shared, they form a double bond. The four bonds in methane are all single bonds.


REMEMBER

Atoms form covalent bonds when they share electrons.
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FIGURE 2.4. Structure of the hydrogen atom.
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FIGURE 2.5. A molecule of methane gas.

When covalent bonds form between carbon and hydrogen, the electrons are shared equally between the nuclei of the two types of atoms. In some molecules, however, one atom can have stronger pull for electrons than the other. For example, when oxygen and hydrogen share electrons to form water (Figure 2.6), the oxygen has a stronger pull for electrons than does the hydrogen. The electrons spend more time orbiting the oxygen nucleus than they do the hydrogen nucleus. This unequal sharing is called a polar covalent bond. Because the electrons spend more time in one part of the molecule than the other, the electrical charge on the molecule is not distributed equally. There is a slight negative charge associated with the oxygen atom and a slight positive charge associated with the hydrogen atoms. Opposite charges attract, so when water molecules are together, the positive ends of one water molecule are attracted to the negative ends of the other water molecules (Figure 2.6). These weak electrical attractions between the water molecules are called hydrogen bonds. Hydrogen bonds between water molecules contribute to the unique properties of water like the surface tension that allows bugs to walk on it. Hydrogen bonds are also important in holding large molecules like DNA together. Even though each individual hydrogen bond is weak, if you have a lot of them within a molecule, they can act like molecular Velcro and hold things together.


REMEMBER

Hydrogen bonds are weak electrical attractions that form between polar groups.
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FIGURE 2.6. Bonds within and between water molecules.

The hydrogen and oxygen atoms in a water molecule share electrons unequally. This creates a slight negative charge (δ–) on the oxygen atom and a slight positive charge (δ+) on the hydrogen atoms. Neighboring water molecules are attracted to each other because of the slight opposite charges.

If an atom that has a very strong pull for electrons interacts with an atom that has a weak pull for electrons, the atom with the strong pull might just take an electron away from the atom with the weak pull. The classic example of this is what happens when sodium and chlorine interact. Sodium is atomic number 11, so it has eleven protons and eleven electrons. Two electrons would fill the innermost shell, eight would fill the next shell, and the final electron would be in the outermost shell (Figure 2.7). This means that sodium either needs to gain seven electrons to fill its outermost shell, or lose one. Chlorine is atomic number 17, so it has seventeen protons and seventeen electrons. Two electrons would fill the innermost shell, eight would go in the next shell, and seven would go in the outermost shell (Figure 2.7). This means that chlorine needs one electron to fill its outmost shell. Chlorine has a much stronger pull for electrons than does sodium, so when they interact, chlorine can pull an electron away from the sodium nucleus. Sodium loses one electron from its outermost shell and becomes a sodium ion. An ion is a charged atom. The sodium ion has one more proton than electron and so has a net positive charge. Chlorine has gained an electron, becoming a chloride ion. The chloride ion has one more electron than it does proton and so has a net negative charge. The positive charge of the sodium ion and the negative charge of the chloride ion attract each other. This electrical attraction is called an ionic bond.
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FIGURE 2.7. The ionic bonding of sodium and chlorine.

The sodium and chlorine atoms are electrically neutral. After the sodium atom gives up an electron to chlorine, it becomes the sodium ion and is positively charged. After it accepts an electron, the chlorine atom becomes the chloride ion and is negatively charged. Because they have opposite charges, the sodium ion and chloride ion are attracted to each other and form an ionic bond.

Chemical Reactions

Molecules can interact with each other to form new molecules. These exchanges are called chemical reactions, and they are written as equations. For example, in the following reaction, glucose and oxygen interact to form carbon dioxide and water. The molecules that interact are called the reactants, and they are shown on the left side of the arrow. The molecules that are formed are called the products, and they are shown on the right side of the arrow. The arrow represents the reaction.

[image: p20-1.jpg]

During a chemical reaction, atoms are not created or destroyed; they just exchange bonding partners. For example, in the preceding reaction, six carbon atoms enter the reaction as part of the glucose molecule, and six leave the reaction as part of the six carbon dioxide molecules. As an analogy, think of the reaction as a party: Everyone who comes to the party leaves; they may just leave with different people. When chemical reactions occur, energy is either released or used by the reaction. For example, the preceding reaction releases energy that can be used by cells.

Acids, Bases, and pH

The pH scale measures the concentration of hydrogen ions (H+) in a solution (Figure 2.8). Most cells require a neutral pH of about 7 in order to function. If the pH is higher or lower than 7, it can kill cells. A low pH (<7) indicates a solution that has a high concentration of H+ and is acidic. A high pH (>7) indicates a solution that has a low concentration of H+ and is basic. Molecules that release H+ into a solution are called acids. Molecules that pick up H+ from a solution are called bases. Buffers are compounds that help keep pH from changing very quickly.


REMEMBER

Acids have low pH values; bases have high pH values.
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FIGURE 2.8. The pH scale.

Because cells need to maintain a fairly constant pH in order to survive, cells contain buffers that help protect them from pH changes. For example, many cells use a phosphate buffer system to keep their pH from changing. The cells contain two chemicals, dihydrogen phosphate ions (HPO4–) and hydrogen phosphate ions (HPO42–). If hydrogen ions (H+) are released into the cellular fluid, they are picked up by the hydrogen phosphate ions. This prevents the cellular fluid from becoming acidic. If the cellular fluid starts to become basic, the dihydrogen phosphate ions release hydrogen ions to counteract the change. When the hydrogen phosphate ions pick up hydrogen ions, they are converted to dihydrogen phosphate ions. Likewise, when dihydrogen phosphate ions release hydrogen ions, they are converted to hydrogen phosphate ions. Thus, the relative concentration of the two ions is constantly balanced, forming a chemical equilibrium as shown in the following reaction:

[image: p22-1.jpg]

By releasing or picking up hydrogen ions as necessary, the phosphate buffer system helps keep the cellular fluid at a relatively constant pH.

The Molecules of Life

You have probably heard of DNA, one of the most important molecules to living things. If you’ve ever looked at a nutrition label, you’ve also heard of other types of molecules: carbohydrates, fats, and proteins. Molecules are an essential part of the life of cells: Cells are made of molecules, cells break molecules down for energy, cells use molecules for signals and to store information. There are four categories of molecules that are most important to cells: proteins, carbohydrates, lipids (fats and related molecules), and nucleic acids (DNA and related molecules).


REMEMBER

All cells are made of proteins, carbohydrates, lipids, and nucleic acids.



These four types of molecules are called macromolecules because they are large and complex (macro = big). All of them have a carbon backbone. What makes them different in structure and function is the groups of atoms that are attached to the carbon backbone. These groups of atoms are called functional groups (Figure 2.9). Recognizing the key functional groups will help you differentiate between the different types of molecules.

Three of the four groups of macromolecules (proteins, carbohydrates, and nucleic acids) are also considered polymers. Polymers are long molecules made up of repeating building blocks called monomers. Monomers are joined together by dehydration synthesis (condensation) in which a bond is formed between the monomers as a water molecule is removed (Figure 2.10). Polymers can be broken apart by hydrolysis, in which the bond between monomers is broken as a water molecule is inserted (Figure 2.10). Lipids are not polymers, but they do have smaller components that are joined together by dehydration synthesis. The polymers and their monomers are listed in Table 2.2.
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FIGURE 2.9. Functional groups.
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FIGURE 2.10. Dehydration synthesis and hydrolysis.

In dehydration synthesis, two molecules are combined by an enzyme, and a water molecule is removed. In hydrolysis, an enzyme catalyzes the breaking of a bond. Water is used.

TABLE 2.2. Polymers and Their Monomers

[image: t2-2.jpg]

Proteins are very important molecules to cells because they perform so many different functions. They can be hormones, defensive compounds (antibodies), helpers in chemical reactions (enzymes), structural components (cytoskeletal proteins), transporters (membrane proteins), movement proteins (cytoskeletal proteins), and signalers (receptor proteins). Proteins are made of chains of amino acids. Twenty amino acids make up the proteins of the living organisms on Earth. Each amino acid has the same backbone; what makes them different is the structure of the functional group attached to the backbone. The functional group of an amino acid can be represented by X (Figure 2.11). Some examples of different amino acids are shown in Figure 2.11.
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FIGURE 2.11. Examples of amino acids.

Notice that all amino acids have a nitrogen-containing amino group and a carboxyl group. The common structure of all twenty amino acids found in nature is shown in the generalized amino acid. The twenty amino acids differ from each other by what is present at X.

The shape of a protein is very important to its function. For example, a protein might have pockets that are just the right shape to bind to another molecule. In order to create the protein shape, the polypeptide chain folds up. First, amino acids are joined by dehydration synthesis into polypeptide chains, which are called the primary structure of the protein (Figure 2.12). Some proteins have small areas that are folded into distinctive shapes, like helices (Figure 2.12). These folded shapes are called the secondary structure of the protein. The entire chain folds up into a three-dimensional shape (Figure 2.12), which is called the tertiary structure. Many proteins are made of more than one folded polypeptide chain. These proteins have quarternary structure (Figure 2.12). If a protein is exposed to a harsh environment, it may unfold or denature and no longer be able to function.


REMEMBER

Protein function depends on protein structure.



Carbohydrates are probably familiar to you as a source of energy, and that is one of their primary functions. They are also an important part of the structure of some types of cells. For example, they are part of the cell walls of plants and bacteria. Monosaccharides, or simple sugars, have a carbon backbone of three to seven carbon atoms. Hydroxyl groups (–OH) are attached to all the carbons but one, and that carbon is double-bonded to an oxygen atom (Figure 2.13). In the water-filled environment of cells, most monosaccharides adopt a ring form (Figure 2.13).
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FIGURE 2.12. Protein structure.

The primary structure of a protein is the sequence of the amino acids in the polypeptide chain. The secondary structure is small folded areas that form structures such as alpha helices or pleated sheets. The tertiary structure is the three-dimensional structure of a folded polypeptide chain. Many proteins also have quarternary structure, where more than one folded polypeptide chain comes together to form the completed protein.


REMEMBER

Carbohydrates are an important source of energy for cells.



Monosaccharides are joined by dehydration synthesis into disaccharides (two monomers) and polysaccharides (many monomers). Polysaccharides are commonly referred to as complex carbohydrates. One familiar polysaccharide is starch (Figure 2.14), which is a long polymer of repeating glucose monomers. Cellulose, a major component of plant cell walls, is also a polymer of glucose; the difference between starch and cellulose is in the type of bond formed between the glucose monomers. This small difference has big consequences for the human diet: We have the enzymes necessary to hydrolyze (break down) starch, and so can get energy from it, but we do not have the enzymes to hydrolyze cellulose. Thus cellulose, which is commonly called fiber, passes through our systems undigested.
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FIGURE 2.13. Monosaccharides.

Glucose, galactose, and fructose are very similar monosaccharides, or simple sugars. a. In the watery environment of cells, glucose adopts a ring form. b. Galactose and fructose have the same number of carbon atoms as glucose, but they differ in the arrangement of their atoms.
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FIGURE 2.14. Disaccharides and the polysaccharide starch.

A. Maltose, lactose, and sucrose are all disaccharides, which are formed by dehydration synthesis of two monosaccharides. B. Starch is a polysaccharide that is formed by the dehydration synthesis of many molecules of glucose.

Deoxyribonucleic Acid (DNA) is the most familiar of the nucleic acids. The function of DNA, and the related molecule ribonucleic acid (RNA), is to store and transfer information for the cell. DNA contains the genetic information of the cell, a large part of which is the instructions for building all of the proteins a cell needs to function. Because the genetic information determines how the proteins are built and the proteins do most of the work of the cell, the genetic information ultimately determines how the cell functions. This in turn determines the traits of the organism. For example, people who have the genetic disease hemophilia have the trait of not being able to clot their blood properly. They have this trait because a mistake in their DNA leads to improper construction of a blood-clotting protein.


REMEMBER

DNA and RNA are both nucleic acids, which are made of nucleotides.



The structure of nucleic acids is fairly complex. They are polymers of monomers called nucleotides. In addition, nucleotides themselves are made up of three components: a five-carbon sugar, a phosphate group, and a nitrogenous base (Figure 2.15). In DNA, the five-carbon sugar is deoxyribose; in RNA, it is ribose. There are four nitrogenous bases found in nucleotides that are part of DNA. Their names are adenine (A), guanine (G), cytosine (C), and thymine (T). In RNA, thymine is replaced by uracil (U). To form DNA or RNA, nucleotides are linked together by dehydration synthesis. In cells, RNA molecules are single polynucleotide strands (Figure 2.16). To complete the structure of DNA, however, a second strand must partner with the first. The nitrogenous bases of the two strands are attracted to each other by hydrogen bonds. Adenine bonds with thymine, cytosine with guanine. The two strands twist slightly, forming the double helix of DNA (Figure 2.16).
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FIGURE 2.15. A nucleotide.

The two strands of the double helix of DNA can only hydrogen bond with each other if their nitrogenous bases are lined up in just the right way. In order for the correct chemical groups to come into contact with each other, the two nucleic acid strands must be lined up antiparallel, or in opposite directions, to each other. Nucleotide strands are polar, that is, one end is different from the other end. Scientists mark these differences by referring to the position of the carbons in the sugar of the nucleotide. The carbon atom attached to the nitrogenous base is designated as the 1´ (“one-prime”) carbon. The carbons are numbered 1´ to 5´ going in the direction away from the oxygen in the ring (Figure 2.17). The two ends of a nucleotide strand are called the 5´ end and the 3´ end, because the 5´ carbon connects with the phosphate group in the same nucleotide, and the 3´ end connects with the phosphate group in the next nucleotide. So, when the two strands of the double helix line up and hydrogen bond together, one strand is oriented in the 5´ to 3´ direction, while the other is oriented in the 3´ to 5´ direction (Figure 2.17). The requirement for nucleotide strands to be antiparallel doesn’t just apply to the two strands of DNA—it holds true any time two nucleotide strands pair together, whether it is DNA to DNA, DNA to RNA, or RNA to RNA. (The last two examples happen during protein synthesis, which is discussed in Chapter 7.)
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FIGURE 2.16. DNA and RNA.

RNA contains the nitrogenous bases adenine, cytosine, guanine, and uracil.
DNA contains the nitrogenous bases adenine, cytosine, guanine, and thymine.

The last group of macromolecules is the lipids. A lipid is any molecule that does not mix with water. There are several different kinds of lipids. Lipids are not polymers, but they are formed by dehydration synthesis. Three important groups of lipids are the fats and oils (triglycerides), the phospholipids, and the sterols. Fats and oils store energy and provide insulation. Phospholipids are important components of the outer boundaries of cells, which are called plasma membranes. Some sterols can also be found in plasma membranes, others are vitamins and hormones.
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FIGURE 2.17.

Antiparallel bonding between nucleotide strands. In order for two nucleotide strands to hydrogen bond to each other, they must be oriented in opposite, or antiparallel, directions toward each other. Scientists label the orientation of each strand according to the carbons in the sugars of the nucleotides, which are numbered from 1' to 5'.


REMEMBER

Lipids don’t mix well with water because they contain many nonpolar bonds (like C–H and C–C bonds).



Fat molecules consist of a three-carbon backbone to which long hydrocarbon chains, called fatty acids, have been attached (Figure 2.18). The three-carbon backbone is made from a molecule of glycerol. If the fatty acid tails contain only single bonds between the carbons, they are saturated. If they have double bonds between the carbons, they are unsaturated. Notice how saturated fatty acid tails are straight, but unsaturated tails are bent (Figure 2.19). Saturated fat molecules pack tightly together and so are more solid at room temperature. Unsaturated fat molecules don’t pack together very well because of the kinks in their tails, so these fats are liquid at room temperature. The term “saturated” refers to how many bonds with hydrogen the carbon atoms have. The carbon atoms in saturated fatty acids can bond with two hydrogens each. A carbon atom around a double bond, however, can only form a bond with one hydrogen atom. (Carbon atoms form up to four single bonds each.) So, the chains with single bonds between the carbons are saturated because they are bonded to as many hydrogen atoms as possible.
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FIGURE 2.18. Fats.

A. The components of a fat molecule. B. Dehydration synthesis between the components of a fat molecule. C. Product of synthesis. One more fatty acid would be added to make a fat.

The structure of phospholipids is very similar to that of fats. The backbone is again made from a molecule of glycerol. In a phospholipid, however, there are only two fatty acid chains attached. In place of the third fatty acid, a phosphate containing a head group is attached (Figure 2.19). This head group is charged and mixes well with water, whereas the fatty acid tails do not mix well with water. The head of a phospholipid is thus said to be hydrophilic, or water-loving, whereas the tails are said to be hydrophobic, or water-fearing. When placed in water, phospholipids form a double layer called a bilayer, turning their hydrophilic heads toward the water and tucking their hydrophobic tails away from the water (Figure 2.19).

The sterols are made up of four carbon-containing rings (Figure 2.20). Cholesterol is a component of eukaryotic plasma membranes. Testosterone and estrogen are examples of steroid hormones. Some vitamins, like Vitamin D, are also sterols.
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FIGURE 2.19. Phospholipid structure.

[image: f2-20.jpg]

FIGURE 2.20. Sterols.

It can be difficult to identify the four groups of macromolecules by their structures. One thing to keep in mind is the differences between the macromolecules, which are summarized in Table 2.3. Compare the features listed in Table 2.3 with those illustrated in Figures 2.11, 2.13, 2.15, 2.18, and 2.19.



TABLE 2.3. Identification of Macromolecules
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	REVIEW EXERCISES FOR CHAPTER 2





1. Describe the structure of an atom.

2. What does the atomic number of an atom tell you?

3. What is the mass number of an atom? How is this different from atomic mass?

4. What is an isotope?

5. How many electrons does each of the first three electron shells hold?

6. What is a covalent bond? How is it different from a polar covalent bond?

7. What is a hydrogen bond?

8. What is an ion? How are ions formed?

9. What is an ionic bond?

10. What happens during a chemical reaction?

11. What is an acid? A base? What are the values on the pH scale and what do they mean?

12. Draw a table with the headings below and fill in the missing information.
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SELF-TEST

1. A helium atom has an atomic number of 2. Which of the following are true of the helium atom?

A. It has two protons.

B. It has two electrons.

C. It has a mass number of 2.

D. Both A and B are correct.

E. All of the above are correct.

2. Hydrogen is atomic number 1. If a hydrogen atom loses an electron, which of the following are correct?

A. It will have a net positive charge.

B. It will have a net negative charge.

C. Its mass will change significantly.

D. It will no longer be hydrogen.

E. Its atomic number will change.

3. Nitrogen is atomic number 7. Hydrogen is atomic number 1. If hydrogen and nitrogen atoms react with each other to form a molecule, which of the following molecules will be formed? (Hint: To answer this question, figure out how many electrons each atom has in its outermost shell. Then figure out how to combine the atoms so that each atom has a full outermost shell.)

A. NH4

B. NH3

C. NH2

D. N3H

E. N2H

4. True or False. The bond between a hydrogen atom and an oxygen atom within a water molecule is called a hydrogen bond.

5. True or False. A solution that has a pH of 4 is acidic.

6. Which orientation shown in Figure 2.21 is most likely for two adjacent water molecules?
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FIGURE 2.21. Hypothetical arrangements of water molecules.

7. To which group of macromolecules does molecule A in Figure 2.22 belong?

A. Protein

B. Carbohydrate

C. Lipid

D. Nucleic acid
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FIGURE 2.22. Test macromolecules.

8. To which group of macromolecules does molecule B in Figure 2.22 belong?

A. Protein

B. Carbohydrate

C. Lipid

D. Nucleic acid

9. Which of the following is not a function of lipids?

A. Storage of information

B. Structure of plasma membranes

C. Storage of energy

D. Vitamins

E. Hormones

10. Radioactive nitrogen is fed to some cells. As the cells grow, the radioactive nitrogen will be incorporated into the cells’ molecules. In which molecules would you expect to find the radioactive nitrogen?

A. Amino acids

B. Nucleic acids

C. Carbohydrates

D. Both A and B are correct.

E. All of the above are correct.

Answers

Review Exercises

1. Atoms are made up of three types of particles: protons, neutrons, and electrons. The protons and neutrons are grouped together in the center of the atom, which is called the atomic nucleus. The electrons orbit the nucleus.

2. The atomic number is the number of protons in the atom.

3. The mass number is the number of protons and neutrons in an atom. It is different from the atomic mass because the atomic mass takes into account the mass of all the atoms of that element on the planet. For example, the most common form of nitrogen on the planet is nitrogen-14. The atomic number of nitrogen is 7, which means it has seven protons. Nitrogen-14 thus has seven neutrons (14 – 7 = 7). An atom of nitrogen-14 has a mass number of 14. However, the atomic mass for nitrogen in the periodic table is slightly higher than 14. This is because there are also atoms of nitrogen-15 on the planet. Nitrogen-15 is still nitrogen, so it has an atomic number of 7, which means it has seven protons. If nitrogen-15 has seven protons, it must have eight neutrons (15 – 7 = 8). An atom of nitrogen-15 has a mass number of 15. The atomic number listed for nitrogen in the periodic table represents an average weight for all the nitrogen atoms on the planet which are mostly nitrogen-14 (mass 14) but also some nitrogen-15 (mass 15). Thus the atomic mass is slightly higher than 14.

4. An isotope is a form of an element that has a different number of neutrons from another form of that element. For example, carbon-12 and carbon-14 are isotopes of each other. Both are carbon and so have six protons, but carbon-12 has six neutrons whereas carbon-14 has eight neutrons.

5. The first shell holds two electrons; the second and third shells each hold eight electrons.

6. A covalent bond is when two atoms share electrons. A polar covalent bond is also formed when two atoms share electrons, but in this case the two atoms are not sharing equally. One atom is more electronegative, which means it has a stronger attraction for electrons. The electrons spend more time orbiting one nucleus than they do the other. Thus, the molecule has an unequal distribution of charge, or is polar. It is slightly more negative in the area where the electrons spend more time and slightly more positive in the area where the electrons spend less time.

7. A hydrogen bond is a weak electrical attraction that is formed between polar molecules or between a polar group within molecules.

8. An ion is a charged atom. They are formed when an atom gains or loses an electron. For example, a hydrogen atom has one electron and one proton. The charges on the electron and proton are equal and opposite, so a hydrogen atom has no net charge. If the atom loses an electron, it becomes a hydrogen ion. It now has a proton, but no electron, resulting in a net positive charge.

9. An ionic bond is an electrical attraction that forms between ions of opposite charge.

10. During chemical reactions, molecules interact and bonds are broken and reformed. Energy changes also occur.

11. An acid is something that releases hydrogen ions to a solution, thus making it more acidic. A base is something that takes hydrogen ions out of a solution, thus making the solution more basic (alkaline). The pH scale is from 0 to 14. On the scale, 7 is considered neutral. If something has a pH value below 7, it is acidic. If something has a pH value above 7, it is basic (alkaline).
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Self-Test

1. D

2. A

3. B

4. F

5. T

6. C

7. B

8. A

9. A

10. D


3





	[image: man.jpg]
	Observing Microbes
Through a Microscope





WHAT YOU WILL LEARN

This chapter presents the fundamentals of microscopy and the ways that microbiologists use to prepare specimens for the microscope. As you study this chapter, you will:

• compare different types of microscopy;

• review some metric units of measurement;

• distinguish between magnification and resolution;

• learn about the staining protocols microbiologists use to prepare specimens for the microscope.


SECTIONS IN THIS CHAPTER


• Principles of Microscopy

• Types of Microscopy

• Preparing Specimens for Light Microscopy





Looking through a microscope at a drop of pond water is like looking into another world, a world filled with strange creatures of many shapes and sizes that busily swim and wiggle around (Figure 3.1). Invisible to people for thousands of years, this world became visible through the invention of the microscope in the 1600s. The earliest microscopes were small, handheld devices that contained a single lens. Because they contained a single lens, they were called simple microscopes. In one type, the specimen was placed on the tip of a screw that could be adjusted in front of the lens to bring the object into focus. Because of poor lens construction, most of these single lens microscopes did not yield very good images. Microscopes were improved when two lenses were combined in a single tube, creating the forerunner of the modern compound microscope. Because of the combination of lenses, compound microscopes allow greater magnification of specimens.
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FIGURE 3.1. Organisms from a drop of pond water.

Organisms a–e are single-celled eukaryotes; organism f is a chain of prokaryotic cells. A. Chlamydomonas, a small green alga. B. A diatom. C. An ameba. D. Paramecium, a ciliate. E. A radiolarian. F. Anabaena, a blue-green bacterium.

Principles of Microscopy

METRIC UNITS OF MEASUREMENT

The metric system is the universal system of measurement in science and in most countries of the world. The metric system is based on units of ten. The basic unit of measurement of length is the meter. A meter is 39.37 inches, or slightly longer than a yard. The abbreviation for meter is m. Most rulers today have metric markings along one edge that show centimeters and millimeters. A centimeter (cm) is 1/100 of a meter. In other words, if a meter is divided up into 100 equal pieces, each one is a centimeter. This can also be represented as 0.01 m or 10–2 m. A millimeter (mm) is 1/1000 of a meter, or 0.001, or 10–3 m. There are 10 millimeters in 1 centimeter.


REMEMBER

There are 1000 micrometers (μm) in a millimeter (mm).



Cells, including those of microbes, are much smaller than a meter, and most are even smaller than a millimeter. They are usually measured in micrometers (μm), or 1/1,000,000 of a meter. (There are 1000 micrometers in a millimeter.) A micrometer can also be represented as 0.000001 m or 10–6 m. The parts of cells are so small they are often measured in nanometers (nm). A nanometer is 1/1,000,000,000 of a meter, or 0.000000001 m, or 10–9 m. Figure 3.2 compares the sizes of some objects and shows the units with which they would be measured.

MAGNIFICATION AND RESOLUTION

The lenses in a microscope magnify images or make them larger. Increasing magnification of an image, however, does not necessarily reveal more detail. For example, think about blowing up a photograph until the image looks very grainy and unfocused. When an image is captured, whether by an eye, a camera, or a microscope, the amount of detail that is captured is limited by the properties of the system that is capturing the image. For example, the quality of the image captured by a digital camera is determined by the number of pixels it can capture. You can magnify a digital image as much as you want, but the detail you’ll see is ultimately limited by the number of pixels you originally captured. The amount of detail you can see in an image is called the resolution. Resolution is defined as the ability to see two points as separate. The ability to distinguish detail is called the resolving power. Just as the resolving power of a digital camera is determined by its construction, the resolving power of a microscope is determined by the lenses and the type of microscopy (Figure 3.2).


REMEMBER

Increasing the magnification of a microscope won’t necessarily make the image more clear. The clarity, or detail, of an image depends on the resolving power of the microscope and its lenses.



[image: f3-2.jpg]

FIGURE 3.2. Relative sizes of objects.

Types of Microscopy

LIGHT MICROSCOPY

Light microscopes use light to illuminate the specimen. The most common type of light microscope is the compound light microscope (Figure 3.3). Light travels from an illuminator, through a condensor lens, which focuses the light on the specimen, and then into an objective lens that magnifies the image. The magnified image passes through another lens, called the ocular lens, in the eyepiece and is magnified further. The total magnification of the microscope is the product of the magnification of both the objective lens and ocular lens. For example, if the objective lens has a magnifying power of 40 times (40×), and the ocular lens has a magnifying power of 10 times (10×), the total magnification of the image would be 400 times (400×).

[image: f3-3.jpg]

FIGURE 3.3. Parts of a compound light microscope.

The resolving power of a light microscope is determined by the quality of the lenses and by the properties of light. Visible light is a type of electromagnetic radiation and has a wavelike property as it travels. The distance between two adjacent waves is called the wavelength (Figure 3.4). The smaller the wavelength of light used, the greater the resolving power of the microscope.
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FIGURE 3.4.

Wavelength. Wavelength is measured as the distance from peak to peak of a wave, or from trough to trough of a wave.

Another property of light that affects microscopy is its ability to bend, or refract. Light travels differently through different media and will refract as it passes from one medium to the next. For example, light travels differently through air than it does through water. If you stand a pencil in a glass of water, the pencil will appear broken. This is because the light bends as it moves from the water to the air. Refraction affects light microscopy in two major ways. We can use it to our advantage when we stain specimens for the light microscope. Light will travel differently through the stain, refracting and creating greater contrast with the background. However, refraction scatters the light as it leaves the specimen. At high magnification, this becomes a problem because the objective lenses are very small. If light scatters too much from refraction, enough light will not be captured by the lens. To prevent this, immersion oil is used with high magnification lenses (100×). Immersion oil has the same refractive index, or lightbending ability, as that of glass. It is placed between the specimen and the objective lens to prevent the light from scattering as it leaves the specimen.


REMEMBER

You must use oil to get a good image with a high-power oil immersion lens. Without oil, the light will refract and scatter, causing your image to be blurry.



There are several types of light microscopy that use different filters and techniques to create unique effects. Each one has certain advantages. These types of microscopy are summarized in Table 3.1.

TABLE 3.1. Types of Light Microscopy
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ELECTRON MICROSCOPY

Light microscopes have a lot of advantages. They are relatively inexpensive and easy-to-use, and you can look at living specimens. However, the smallest object that can be viewed clearly with a light microscope is about 0.2 ìm in size. This means that light microscopes are good for viewing entire cells and some of the larger parts of cells, but they are not able to give detailed information about the smaller parts of cells. They are also unable to give information about viruses, which are even smaller than prokaryotes. Because resolving power of the microscope depends upon the wavelength of light used, even the best light microscope is ultimately limited by the properties of light itself.


REMEMBER

Electron microscopes have higher resolution than light microscopes, but you can’t look at live samples with an electron microscope.



In the 1950s, another type of microscope was invented. Instead of using light, this type of microscope used electrons to create an image. Electrons are small, negatively charged particles that also have a wavelike property. The wavelengths of electrons, however, are even smaller than the wavelengths of light. This allows better resolving power and makes it possible to obtain clear images of much smaller structures than can be seen in a light microscope. Electron microscopes can resolve structures as small as about 2 nm. Thus, they can provide detailed information about the fine structure of eukaryotic cell parts, prokaryotic cells and can even create images of viruses and some molecules. Some disadvantages to electron microscopes are that you cannot view living specimens, and they are much more expensive and difficult to use than are light microscopes.

Electron microscopes (Figure 3.5) have an electron gun that shoots electrons at the specimen. The electrons are focused by electromagnetic lenses. Because electrons are so small and would be easily deflected by molecules in the air, the electrons must travel through a vacuum chamber from the gun to the specimen. To view a specimen on an electron microscope, it must first be killed and layered with a fine coating of metal. When the electrons strike the metal coating of the specimen, electrons from the metal are deflected away and captured either by photographic film or a computer monitor. They deflect away in a pattern that recreates the original structure. When the electrons strike photographic film, they expose the film, creating an image of the structure. These images are called electron micrographs.
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FIGURE 3.5. An electron microscope.

There are two basic types of electron microscopy: scanning electron microscoscopy (SEM) and transmission electron microscopy (TEM). In scanning electron microscopy, whole objects are layered with metal, and images are made of their surfaces. This can give three-dimensional information about the surfaces of cells and even whole organisms such as insects. In transmission electron microscopy, very thin slices called sections are made through the specimen, and each section is layered with metal. This type of electron microscopy gives information about the structure on the insides of cells and objects.

Preparing Specimens for Light Microscopy

Many cells and parts of cells are clear and would be nearly invisible if viewed directly on a light microscope. To increase contrast and make it possible to see the cells, stains are used. Stains are solutions that contain colored ions called chromophores that attach to cells or parts of cells. A summary of some common staining types and their uses is given in Table 3.2.



TABLE 3.2. Common Staining Protocols and Their Uses
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SMEAR PREPARATION

To prepare microbes for staining, a few drops of liquid containing the microbes are dropped onto a glass slide and allowed to dry. This results in a cloudy film of cells on the slide called a smear. To help attach the cells firmly to the slide, the smear is heat-fixed by passing the glass slide through a flame. Once the smear is heat-fixed, it is ready to be stained.


REMEMBER

When a stain colors an entire cell evenly, it’s called a simple stain.



SIMPLE STAINS

Stains that are used to color the entire cell evenly are called simple stains. The most commonly used simple stains have a positively charged chromophore. These types of stains are called basic simple stains. The positively charged chromophore of the basic stain is attracted to the negative charge on the surface of a bacterial cell. The chromophore attaches to the surface of the cell, giving the entire cell a colored appearance. Simple stains that have a negatively charged chromophore are called acidic simple stains.

DIFFERENTIAL STAINS

Some staining protocols will react differently with one type of cell than they will another. These stains are called differential stains. Because they react differently with different types of cells, they allow identification of a key characteristic of these cells.

The most important differential stain is the Gram stain, named for the Danish microbiologist Hans Christian Gram who invented the staining protocol in 1884. The Gram stain is used to separate most disease-causing bacteria into one of two categories, gram-positive bacteria and gram-negative bacteria. Because of differences in their cell walls, these two groups of bacteria react differently in the Gram stain. Gram-positive bacteria are stained purple by the stain, while gram-negative bacteria are stained pink. (A useful trick is to remember that there is an “N” in the word “pink,” and that “negative” starts with “N.”) Differences between these two groups of bacteria affect the success of antibiotic therapy, so the Gram stain is often the first piece of information that is needed about an infectious organism.

There are several steps in performing the Gram stain. After a smear is prepared, a purple stain called crystal violet is dropped onto the smear and allowed to bind to the cells. Because it is used first, this stain is called the primary stain. The crystal violet is then rinsed away and a solution of iodine is applied. The iodine attaches to the chromophores of the crystal violet, making a larger structure that does not easily wash out of the cell. Because the iodine helps bind the dye to the cell, it is called a mordant. After the iodine is rinsed away, a solution of acetone and alcohol is applied to the cell. This solution is called the decolorizing solution because it removes the purple color from gram-negative cells. This is also rinsed, and then a second pink stain, safranin, is applied. Because this stain is applied second, it is called the counterstain.


REMEMBER

Gram-negative bacteria stain pink in a Gram stain because the decolorizing solution disrupts the outer membrane of the bacteria, washing away the primary stain.



The reason the Gram stain reacts differently with gram-positive and gram-negative bacteria is due to the differences in their cell walls, which are located outside their plasma membranes. Gram-positive bacteria have a wall that is made of a thick layer of a material called peptidoglycan (also called murein). Gram-negative bacteria have a thin layer of peptidoglycan that is surrounded by an outer membrane made up primarily of lipids and proteins.

During a Gram stain, both types of bacteria are initially stained purple by the primary stain. In gram-positive bacteria, the iodine then reacts with the primary stain to make complexes that are too large to be rinsed back out of the thick layer of peptidoglycan. The decolorizing solution has essentially no effect on these bacteria besides a slight drying effect on the wall. The pink counterstain does bind to the cells, but it is not seen because of the darker purple stain. Thus, these cells appear purple at the end of the staining protocol (Figure 3.6). In gram-negative bacteria, however, the decolorizing solution washes away the outer membrane and allows the crystal violet–iodine complex to wash out of the thin wall, making the cells colorless. When the pink counterstain is applied, it is visible in these cells, and they appear pink (Figure 3.6).
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FIGURE 3.6. Gram staining.

Another important differential stain is the acid fast stain. This stain is important because it is used to identify certain disease-causing bacteria, including the bacterium that causes tuberculosis. These bacteria belong to a group of bacteria called mycobacteria, which have a waxy layer on their cell walls. The acid fast staining protocol is similar to that of a Gram stain, with the use of a primary stain, decolorizer, and counterstain. In this staining protocol, however, the decolorizer is a solution of acid–alcohol. As in the Gram stain, all cells will be stained with the primary stain, in this case the pink stain carbol fuchsin. Cells that are not mycobacteria will then be decolorized by the decolorizer and will pick up the blue color of the counterstain, methylene blue. Because of their waxy wall, however, mycobacteria will resist the decolorizer and keep the pink color of the primary stain.

SPECIAL STAINS

Special stains may be used to reveal particular structures of cells. For example, some prokaryotes are motile because they have fine whip-like structures called flagella. These structures are normally too small to see with a light microscope, but they can be thickened by the application of many layers of flagellar stains so that they can be seen. (This is analogous to thickening eyelashes with mascara.) Other cells make a slimy layer on the outside called a capsule, which helps them stick to surfaces and protects them from the immune system. Capsules do not stain easily, so in order to view them, cells are placed into a solution containing a dye. The dye creates a dark background all around the cells but does not stick to the capsules, which appear as clear halos within the dark background The cells within the capsules are stained with a counterstain. Because the background around the cells is stained, this type of staining is called a negative stain. Finally, some cells produce very tough structures called endospores, which enable them to survive in harsh conditions like lack of food or water. Endospores have a very tough coat on them that does not stain well. To stain endospores, the stain must be applied and heated to drive it into the spore coat. The smear must then be counterstained to stain any cells that are present. The most commonly used endospore stain uses malachite green to stain the spores and safranin to stain the cells, resulting in green spores and pink cells.
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	REVIEW EXERCISES FOR CHAPTER 3





1. Describe the relationship between meters, millimeters, and micrometers.

2. Describe the difference between magnification and resolution.

3. How does a light microscope work?

4. How do wavelength and refraction of light affect the quality of light microscopy?

5. Describe the advantage of each of the following types of microscopy: brightfield, darkfield, phase contrast, DIC, fluorescence, and confocal.

6. How does an electron microscope work?

7. What is the difference between scanning and transmission electron microscopy?

8. What are the advantages of electron microscopy over light microscopy? What are the disadvantages?

9. Distinguish between the terms smear and stain.

10. Why are stains used in light microscopy?

11. State the definition for each of the following and give an example: simple stain, differential stain, special stain.

12. Describe how the Gram stain works to distinguish between thick- and thin-walled bacteria.

SELF-TEST

1. The difference between simple and compound microscopes is that

A. simple microscopes use light; compound microscopes use electrons.

B. simple microscopes don’t require staining; compound microscopes do.

C. simple microscopes magnify the specimen with one lens; compound microscopes magnify the specimen with two lenses.

D. Both A and B are correct.

E. All of the above are correct.

2. An object measures 0.5 millimeters in length. How many micrometers long is it?

A. 500 micrometers

B. 50 micrometers

C. 5000 micrometers

D. 0.005 micrometers

E. 0.0005 micrometers

3. All of the following are advantages of light microscopes except:

A. They are easy to use.

B. They have better resolution than electron microscopes.

C. They are relatively inexpensive.

D. They can be used to see living cells.

E. All of the above are advantages of light microscopes.

4. True or False. As wavelength decreases, resolution increases.

5. True or False. The ability to distinguish two points as separate is called refraction.

6. Unstained cells could be viewed with all of the following types of microscopy except:

A. Darkfield

B. Phase contrast

C. Differential interference contrast

D. Fluorescence

E. All of the above are correct.

7. Which of the following types of microscopy creates a three-dimensional effect?

A. Brightfield

B. Differential interference contrast

C. Darkfield

D. Fluorescence

E. None of the above is correct.

8. Electron microscopes have better resolution than light microscopes because

A. the lenses are more powerful.

B. the images are magnified on computer screens.

C. the specimens are coated with metal.

D. electrons have smaller wavelengths than visible light.

E. All of the above are correct.

9. The difference between a simple stain and a special stain is

A. simple stains color the entire cell; special stains color a particular structure.

B. simple stains have a positively charged chromophore; special stains have a negatively charged chromophore.

C. simple stains color all cell types the same; special stains react differently with one cell type than another.

D. simple stains are easy to do; special stains require special equipment.

E. None of the above is correct.

10. After the decolorizer has been applied during a Gram stain, but before the safranin has been applied, a gram-negative cell would appear

A. purple.

B. pink.

C. colorless.

D. blue.

E. None of the above is correct.

Answers

Review Exercises

1. A millimeter is 1/1000 of a meter. A micrometer is 1/1000 of a millimeter. In other words, if you break a meter up into a thousand equal pieces, each piece is a millimeter. If you then break a millimeter up into a thousand equal pieces, each piece is a micrometer. A micrometer is 1/1,000,000 of a meter.

2. Magnification is making things bigger. Resolution is the ability to clearly distinguish between two objects. Magnification may make it easier to see something, but ultimately the amount of detail that can be seen in any image will be limited by the resolution of the device capturing that image (the eye, a camera, or a microscope).

3. Light microscopes shine visible light through a specimen and magnify the image of the specimen by passing the light through curved glass lenses. The light is focused onto the specimen by the condenser lens and is magnified as it passes through the objective and ocular lenses. The total magnification is a product of the magnification of the objective and ocular lenses.

4. The smaller the wavelength of light used, the better the resolution of the image. At high magnifications, the refraction of light makes it more difficult to capture enough light into the objective lens. This is why immersion oil is used. However, the refraction of light can be used to our advantage when it is controlled and manipulated in phase contrast microscopy and differential interference contrast microscopy. In both of these types of microscopy, light that has been refracted differently is recombined to create an image with greater contrast. This allows better visualization of unstained specimens.

5. Brightfield microscopy is simple to do. Darkfield is useful for viewing specimens that cannot be stained or are invisible on brightfield microscopy. Phase contrast and differential interference contrast are both useful for viewing unstained specimens. An additional advantage of DIC is that it provides a three-dimensional effect and false color to the image. Fluorescence microscopy is useful when specific molecules or structures are to be targeted. This is especially powerful if used in conjunction with confocal microscopy. Confocal microscopy can be used to collect very detailed information about cells.

6. Specimens that are going to be looked at with an electron microscope are killed and layered with metal. They are then placed in the vacuum chamber of the electron microscope. Electrons are fired from an electron gun and focused with electromagnetic lenses as they travel through the vacuum chamber. When the electrons strike the specimen, they dislodge electrons from the metal coating. These electrons scatter and are collected on computer screens or photographic film. The electrons create an image of the specimen.

7. Scanning electron microscopy gives three-dimensional images of the surfaces of objects. Transmission electron microscopy is used to exam thin sections of specimens and so gives details about internal structures.

8. Electron microscopes have greater resolving power than light microscopes and thus provide more detailed information about small structures. They can be used to examine the small structures of cells and of things smaller than cells, like viruses. The disadvantages are that they cannot be used to view live specimens and that they are more expensive and more difficult to use.

9. A smear is when microbes are dried on a slide. A stain is the colored solution used to color the smear so that there will be greater contrast in the microscopic image.

10. Stains are used to provide greater contrast and allow visualization of cells and cell parts that are not colored and would be almost invisible on a brightfield microscope.

11. A simple stain colors a cell uniformly. A differential stain reacts differently with different cell types and thus allows them to be distinguished from each other. A special stain stains a certain structure in a cell.

12. In a Gram stain, both thin- and thick-walled cells are initially colored purple. When the decolorizing solution is applied, the outer membrane of thin-walled bacteria washes away, releasing the purple color. When the pink stain is applied, both cell types stain with the pink stain, but it is only visible on the thin-walled cells. The purple color that was retained by the thick-walled cells is what is seen, and they appear purple. On the thin-walled cells, the purple color washed away, so the pink can be seen.

Self-Test

1. C

2. A

3. B

4. T

5. F

6. D

7. B

8. D

9. A

10. C
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WHAT YOU WILL LEARN

This chapter explores the details of cell structure and function that are the foundation for understanding microbial growth, human disease, and defenses against disease such as antibiotics. As you study this chapter, you will:

• compare prokaryotic and eukaryotic cells;

• review the structure and function of the plasma membrane;

• learn the structure and importance of the bacterial cell wall;

• discover structures unique to prokaryotic cells;

• explore the organelles of the eukaryotic cell.


SECTIONS IN THIS CHAPTER


• Prokaryotic vs. Eukaryotic Cells

• The Plasma Membrane

• The Prokaryotic Cell

• The Eukaryotic Cell





Many microbes, like the bacterium E. coli, are single-celled organisms; others, like the mold you’ve seen growing on bread in your kitchen, are made of many cells. (Viruses, which are not cells, will be considered in a separate chapter.) Like the cells of your body, the cells of microbes do certain things to survive—they use energy, get raw materials for growth, and move. In this chapter, we will consider the parts of microbial cells and how they help microbes perform these essential functions. Many of the cellular parts discussed here also play an important role in the disease process and will be mentioned again later.

Prokaryotic vs. Eukaryotic Cells

The biggest difference among cell types is whether they are prokaryotic or eukaryotic (Figure 4.1). The cells of bacteria and archaea are prokaryotic; the cells of humans are eukaryotic (as are the cells of other animals, plants, fungi, and protists). Because the cells of disease-causing bacteria are fundamentally different from our cells, we can use antibiotics to fight bacterial infections: The antibiotics attack parts of bacterial cells that are not found in our cells; thus, antibiotics hurt “them” while leaving “us” alone. The major differences between prokaryotic cells and eukaryotic cells are summed up in Table 4.1.
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FIGURE 4.1. Prokaryotic and eukaryotic cells.



TABLE 4.1. Differences Between Prokaryotic and Eukaryotic Cells
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