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				Introduction

				Life is all around you, from invisible microbes and green plants to the other animals with whom you share the Earth. What’s more, these other living things aren’t just around you — they’re intimately interconnected with your life. Plants make your food and provide you with oxygen, microbes break down dead matter and recycle materials that all living things need, and insects pollinate the plants you rely on for food. Ultimately, all living beings rely on other living beings for their survival.

				What makes biology so great is that it allows you to explore the interconnectedness of the world’s organisms and really understand that living beings are works of art and machines rolled into one. Organisms can be as delicate as a mountain wildflower or as awe-inspiring as a majestic lion. And regardless of whether they’re plants, animals, or microbes, all living things have numerous working parts that contribute to the function of the whole being. They move, obtain energy, use raw materials, and make waste, whether they’re as simple as a single-celled organism or as complex as a human being.

				Biology is the key you need to unlock the mysteries of life. Through it, you discover that even single-celled organisms have their complexities, from their unique structures to their diverse metabolisms. Biology also helps you realize what a truly miraculous machine your body is, with its many different systems that work together to move materials, support your structure, send signals, defend you from invaders, and obtain the matter and energy you need for growth.

				About This Book

				Biology For Dummies, 2nd Edition, takes a look at the characteristics all living things share. It also provides an overview of the concepts and processes that are fundamental to living things. We put an emphasis on looking at how human beings meet their needs, but we also take a look at the diversity of life on planet Earth.

				Conventions Used in This Book

				To help you find your way through the subjects in this book, we use the following style conventions:

				Italics highlight new words or terms that are defined in the text. They also point out words we want to emphasize.

				Boldface indicates key words in bulleted lists or the action parts of numbered steps.

				Monofont points out Web addresses so you can recognize them easily.

				Sidebars are gray-shaded boxes that contain text that’s interesting to know but not necessarily critical to your understanding of the chapter or section topic.

				Also, whenever we introduce scientific terms, we try to break the words down for you so that the terms become tied to their meanings, making them easier to remember.

				What You’re Not to Read

				Throughout this book you’ll find paragraphs marked with a Technical Stuff icon and sidebars (gray-shaded boxes). The Technical Stuff paragraphs provide more in-depth explanation of a topic or concept, and the sidebars include stories or information related to the main topic. They’re fun to read, but they’re by no means necessary for a thorough understanding of biology. So skip over them if you want to or read them to your heart’s content — the choice is yours!

				Foolish Assumptions

				As we wrote this book, we tried to imagine who you are and what you need in order to understand biology. Here’s what we came up with:

				You’re a high school student taking biology, possibly in preparation for an advanced placement test or college entrance examination. If you’re having trouble in biology class and your textbook isn’t making much sense, try reading the relevant section of this book first to give yourself a foundation and then go back to your textbook or notes.

				You’re a college student who isn’t a science major but is taking a biology class to help fulfill your degree requirements. If you want help following along in class, try reading the relevant sections in this book before you go to a lecture on a particular topic. If you need to fix a concept in your brain, read the related section after class.

				You’re someone who just wants to know a little bit more about the living world around you. Good news . . . this book is your oyster! Read it at your leisure, starting with whatever topic fascinates you most. We include several examples of how biology impacts everyday life to help keep your interest piqued.

				How This Book Is Organized

				Biology For Dummies, 2nd Edition, is organized so that it mirrors the order of topics covered in a typical biology class. Like all For Dummies books, each chapter is self-contained, so you can pick up this book whenever you need it and jump straight into the topic you’re working on.

				Note: After we explain a subject, we use that information in later topics. If you don’t read the book in order, you may occasionally have to refer back to an earlier section for some background information. When that’s the case, we refer you to the appropriate chapter.

				Part I: Biology Basics

				If biology is the study of life and life is so complex, then you may be wondering where to even begin in your study of biology. Never fear. This part breaks down the all-encompassing field of biology into smaller, more palatable chunks.

				First, we take a look at the living world and then explain exactly how biology is studied (hint: the scientific method is a huge part of it). Next, we give you a review of the types of molecules that are important to a cell’s functioning (yes, this means delving into some basic chemistry; sorry!). Then we spotlight the most basic unit of life — the cell. Every organism, whether it’s a human, a dog, a flower, a strep throat bacterium, or an amoeba, has at least one cell (most actually have millions). Finally, because cells need energy to function, we explain just where that energy comes from.

				Part II: Cell Reproduction and Genetics: Let’s Talk about Sex, Baby

				How do you get a multicellular human from a one-celled embryo? Cellular reproduction, of course! Cells can make exact copies of themselves in order to repair, grow, or produce offspring that are genetically identical to the parent cell. You find out all about that in this part, as well as how some organisms mix things up by engaging in sexual reproduction, creating offspring that have combinations of genes that are different from those of their parents.

				Regardless of whether organisms reproduce asexually or sexually, the traits of the parents are visible in the offspring because parents pass DNA on to their offspring. As you discover in this part, DNA contains the blueprints for proteins that do the work in cells and thus determine the characteristics of the offspring.

				Part III: It’s a Small, Interconnected World

				All the amazingly diverse forms of life on Earth interact with each other (if they didn’t, life on this planet would be in big trouble). This part allows you to explore all the ways life on Earth is connected, as well as how biologists classify organisms. You also get to discover how yesterday’s living beings are connected to today’s living beings through biological evolution.

				Part IV: Systems Galore! Animal Structure and Function

				Organisms respond to changes in their environment, trying to maintain their internal conditions within a range that supports life. Animals have many different systems designed to support this struggle for balance. In this part of the book, we present most of the systems that support the structure and function of the human body, as well as those of other animals. These systems coordinate many functions in animals, such as digestion, movement, circulation, gas exchange, and defense.

				Part V: It’s Not Easy Being Green: Plant Structure and Function

				Plants, your green neighbors, often get overlooked in the hustle and bustle of animal life. However, the importance of plants to life on Earth simply can’t be overstated. After all, without them, you wouldn’t have any food. When you take the time to study plants, you find that they’re actually pretty interesting. Just like animals, they’re made of cells and have systems to transport materials around their bodies and exchange matter and energy with their environment, all of which you find out in this part.

				Part VI: The Part of Tens

				No For Dummies book would be complete without The Part of Tens and its chapters containing fun and interesting facts. When you venture to this part, prepare to find out about ten great biology discoveries and ten ways biology affects your life.

				Icons Used in This Book

				We use some of the familiar For Dummies icons to help guide you and give you new insights as you read the material. Here’s the scoop on what each one means.

				[image: remember.eps] The information highlighted with this icon is stuff we think you should permanently store in your mental biology file. If you want a quick review of biology, scan through the book reading only the paragraphs marked with Remember icons.

				[image: technicalstuff.eps] Next to these icons lie paragraphs that give you extra information but aren’t necessary to understanding the material in the chapter. If you want to take your understanding of biology to a higher level, or if you just want to build your knowledge base of interesting facts, incorporate these paragraphs into your reading. If you just want the basics and don’t want to bother with nonessential information, skip them.

				[image: tip.eps] This bull’s-eye symbol offers pointers that help you remember the facts presented in a particular section so you can better commit them to memory.

				Where to Go from Here

				Where you start reading is up to you. However, we do have a few suggestions:

				If you’re currently in a biology class and having trouble with a particular topic, jump right to the chapter or section featuring the subject that’s confusing you.

				If you’re using this book as a companion to a biology class that’s just beginning, you can follow along with the topics being discussed in class with one small exception. Many biology classes work from the smallest to the largest, beginning with molecules and then moving on to cells. We prefer to start with cells to give you an idea of where everything is happening before moving on to the molecules.

				Whatever your situation, the table of contents and index can help you find the information you need.

			

		

	
		
			
				Part I

				Biology Basics
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In this part . . .

				Biology is the study of living things — how they reproduce, how they change and respond to the environment, and how they obtain the energy and matter they need to grow. One goal of this part is to immerse you in the world of biology so you can understand how biologists go about studying living things and know what chemical components make up all forms of life.

				Living things with many cells, like you, are made up of organ systems, organs, tissues, and cells. Cells are the smallest entities that show all the properties of life, so that’s where we begin zeroing in on things. The other goal of this part is to acquaint you with the structure of cells and how they obtain the energy they need to function.

			

			
		

	
		
			
				Chapter 1

				Exploring the Living World

				In This Chapter

				Seeing how cells are part of all living things

				Finding out the fundamentals of where babies come from and why you have the traits you do

				Recognizing that all of Earth’s ecosystems are interconnected

				Surveying animal anatomy and physiology

				Exploring the similarities and differences between plants and people

				Biology is the study of life, as in the life that covers the surface of the Earth like a living blanket, filling every nook and cranny from dark caves and dry deserts to blue oceans and lush rain forests. Living things interact with all of these environments and each other, forming complex, interconnected webs of life. For many people, a hike in the forest or a trip to the beach is a chance to reconnect with the natural world and enjoy the beauty of life.

				In this chapter, we give you an overview of the big concepts of biology. Our goal is to show you how biology connects to your life and to give you a preview of the topics we explore in greater detail later in this book.

				It All Starts with a Cell

				Quick. What’s the smallest unit of life you can think of? (Here’s a hint: Try to recall the basic properties of life; if you can’t, head to Chapter 2 to discover what they are.) Your mind may automatically call up images of ants, amoebas, or bacteria, but that’s not quite the answer. The absolute smallest unit of life is a single cell.

				[image: remember.eps] Everything an organism’s body does happens because its cells make those actions happen, whether that organism is a single-celled E. coli bacteria or a human being made up of approximately 10 trillion cells.

				Of course, the number of cells you have isn’t the only difference between you and E. coli. The structure of your cells is a little bit different — your cells have more specialized internal compartments, such as the nucleus that houses your DNA (we cover cell structure in Chapter 4). Yet you have some distinct similarities as well. Both you and E. coli are made up of the same raw materials (flip to Chapter 3 to find out what those are) and have DNA as your genetic material (more on DNA in Chapter 8). You also use food the same way (see Chapter 5), and you build your proteins in the same manner (see Chapter 8).

				Life Begets Life: Reproduction and Genetics

				You began life as a single cell, when a sperm cell from your dad met an egg cell from your mom. Your parents made these reproductive cells through a special type of cell division called meiosis (we explain meiosis in detail in Chapter 6). When their reproductive cells combined, your dad and mom each donated half of your genetic information — 23 chromosomes from mom and 23 from dad — for a total of 46 chromosomes in each of your cells. The genes on those 46 chromosomes determined your characteristics, from your physical appearance to much of your behavior. The science of genetics tracks the inheritance of genes and studies how they determine traits (see Chapter 7). Through genetics, you can understand why your skin is a certain color or why some traits seem to run in your family.

				[image: remember.eps] Your genes are found in your DNA, which is in turn found in your chromosomes. Each chromosome consists of hundreds of different blueprints that contain the instructions for your cells’ worker molecules (which are mostly proteins). Each type of cell in your body uses the blueprints found in your genes to build the proteins it needs to do its particular job. So what exactly does all that mean? Here it is, plain and simple: DNA determines your traits because it contains the instructions for the worker molecules (proteins) that make your traits happen.

				Scientists are discovering more and more about DNA; they’re also developing tools to read and alter the DNA in cells (see Chapter 9). Chances are you’re already experiencing the impacts of scientists’ work with DNA, even if you don’t know it. Why? Because scientists use recombinant DNA technology to alter organisms used in food and medicines. This technology allows them to take genes from one organism and place them into the cells of another, changing the characteristics of the receiving organism. For example, scientists alter the cells of bacteria with human genes, turning them into tiny living factories that produce human proteins needed to treat diseases.

				Making the Connection between Ecosystems and Evolution

				As you discover in Chapter 10, the amazing diversity of life on Earth helps ensure that life continues in the face of environmental change. Each type of organism plays a role in the environment, and each one is connected to the other. Green organisms such as plants combine energy and matter to make the food on which all life depends, predators hunt prey, and decomposers such as bacteria and fungi recycle dead matter so it becomes available again to other living things. (For more on the interconnectedness of all living things on Earth, head to Chapter 11.)

				Humans are part of the natural world, and like all living things, we use resources from the environment and produce wastes. However, the human species is unusual in its ability to use technology to extend its reach, drawing heavily on the natural resources of the Earth and changing environments to suit its needs. The human population has expanded to cover most of the Earth, and the numbers just keep on growing.

				Yet as humans draw more heavily upon the Earth’s resources, we’re putting stress on many other species and possibly driving them to extinction. The great lesson of biological evolution (a topic we cover in Chapter 12) is that not only do populations change over time but they’re also capable of going extinct. The challenge that humans face today is discovering ways to get what we need but still live in balance with the Earth’s various ecosystems.

				Getting Up Close and Personal with the Anatomy and Physiology of Animals

				All animals work hard to maintain homeostasis, or internal balance, as change occurs in the environment around them (see Chapter 13 for more on homeostasis). In a complex, multicellular animal like you, all of your organ systems must work together to maintain homeostasis.

				[image: remember.eps] Following is a rundown of all of your organ systems, including what they do and what they consist of:

				Skeletal system: Provides support, helps with movement, and forms blood cells. Made up of your bones (see Chapter 14).

				Muscular system: Enables movement. Consists of your skeletal and smooth muscles (see Chapter 14).

				Respiratory system: Brings in oxygen and expels carbon dioxide. Made up of your lungs and airways (see Chapter 15).

				Circulatory system: Transports materials throughout the body. Consists of your heart, blood, and blood vessels (see Chapter 15).

				Digestive system: Takes up nutrients and water and eliminates wastes. Made up of your stomach, intestines, liver, and pancreas (see Chapter 16).

				Excretory system: Maintains the balance of water and electrolytes in your body and removes wastes. Consists of your kidneys and bladder (see Chapter 16).

				Integumentary system: Serves as your first line of defense against infection. Made up of your skin (see Chapter 17).

				Immune system: Defends against foreign invaders. Consists of your thymus, spleen, and lymph nodes (see Chapter 17).

				Nervous system: Controls your body functions via electrical signals. Made up of your brain, spinal cord, and nerves (see Chapter 18).

				Endocrine system: Produces hormones that control your body functions. Consists of your glands (see Chapter 18).

				Reproductive system: Is responsible for sexual reproduction. Made up of ovaries, fallopian tubes, a uterus, a cervix, a vagina, and a vulva if you’re female, and testes, a scrotum, vas deferens, a prostate gland, seminal vesicles, and a penis if you’re male (see Chapter 19).

				Comparing Plants to People

				At first glance, plants seem pretty different from people, but actually humans and plants occupy nearby branches on the tree of life. Both humans and plants engage in sexual reproduction, meaning they produce new offspring from the fusion of sperm and eggs that contain half the genetic material of the parents (see Chapter 20 for more information on how plants reproduce). Also like you, plants have systems for moving materials throughout their bodies (flip to Chapter 21 for the scoop on this), and they even control their functions with hormones.

				Of course, plants also have major differences from humans. Most importantly, they make their own food using carbon dioxide, water, and energy from the Sun, whereas humans have to eat other organisms to survive. As a byproduct of their food production, plants give off oxygen as waste. Humans gladly breathe oxygen in and return the favor by breathing out carbon dioxide that the plants can use to make food (see Chapter 5 for more on photosynthesis and respiration and how they lead to this gas exchange between humans and plants).

			

		

	
		
			
				Chapter 2

				How Life Is Studied

				In This Chapter

				Studying life

				Using observations to solve the world’s mysteries

				Recognizing science as an always-changing thing

				Discovering where to find scientists’ research and conclusions

				Biology wouldn’t have gotten very far as a science if biologists hadn’t used structured processes to conduct their research and hadn’t communicated the results of that research with others. This chapter explores the characteristics that distinguish living things from the nonliving materials in the natural world. It also introduces you to the methods scientists (whether they’re biologists, physicists, or chemists) use to investigate the world around them and the tools they use to communicate what they’ve discovered.

				Living Things: Why Biologists Study Them and What Defines Them

				Biologists seek to understand everything they can about living things, including

				The structure and function of all the diverse living things on planet Earth

				The relationships between living things

				How living things grow, develop, and reproduce, including how these processes are regulated by DNA, hormones, and nerve signals

				The connections between living things, as well as the connections between living things and their environment

				How living things change over time

				How DNA changes, how it’s passed from one living thing to another, and how it controls the structure and function of living things

				An individual living thing is called an organism. Organisms are part of the natural world — they’re made of the same chemicals studied in chemistry and geology, and they follow the same laws of the universe as those studied in physics. What makes living things different from the nonliving things in the natural world is that they’re alive. Granted, life is a little hard to define, but biologists have found a way.

				[image: remember.eps] All organisms share eight specific characteristics that define the properties of life:

				Living things are made of cells that contain DNA. A cell is the smallest part of a living thing that retains all the properties of life. In other words, it’s the smallest unit that’s alive. DNA, short for deoxyribonucleic acid, is the genetic material, or instructions, for the structure and function of cells. (We fill you in on cells, including the differences between plant and animal cells, in Chapter 4, and we tell you all about the structure of DNA in Chapter 3.)

				Living things maintain order inside their cells and bodies. One law of the universe is that everything tends to become random over time. According to this law, if you build a sand castle, it’ll crumble back into sand over time. You never see a castle of any kind suddenly spring up and build itself or repair itself, organizing all the particles into a complicated castle structure. Living things, as long as they remain alive, don’t crumble into little bits. They constantly use energy to rebuild and repair themselves so that they stay intact. (To find out how living things obtain the energy they need to maintain themselves, turn to Chapter 5.)

				Living things regulate their systems. Living things maintain their internal conditions in a way that supports life. Even when the environment around them changes, organisms attempt to maintain their internal conditions. Think about what happens when you go outside on a cool day without wearing a coat. Your body temperature starts to drop, and your body responds by pulling blood away from your extremities to your core in order to slow the transfer of heat to the air. It may also trigger shivering, which gets you moving and generates more body heat. These responses keep your internal body temperature in the right range for your survival even though the outside temperature is low. (When living things maintain their internal balance, that’s called homeostasis; you can find out more about homeostasis in Chapter 13.)

				Living things respond to signals in the environment. If you pop up suddenly and say “Boo!” to a rock, it doesn’t do anything. Pop up and say “Boo!” to a friend or a frog, and you’ll likely see him or it jump. That’s because living things have systems to sense and respond to signals. Many animals sense their environment through their five senses just like you do, but even less familiar organisms, such as plants and bacteria, can sense and respond. (Have you ever seen a houseplant bend and grow toward sunlight? Then you’ve seen one of the responses triggered by a plant cell detecting the presence of light.) Want to know more about the systems that help plants and animals respond to signals? Flip to Chapter 18 to read all about the human nervous system and Chapter 21 to discover the details about plant hormones.

				Living things transfer energy among themselves and between themselves and their environment. Living things need a constant supply of energy to grow and maintain order. Organisms such as plants capture light energy from the Sun and use it to build food molecules that contain chemical energy. Then the plants, and other organisms that eat the plants, transfer the chemical energy from the food into cellular processes. As cellular processes occur, they transfer energy back to the environment as heat. (For more on how energy is transferred from one living thing to another, check out Chapter 11.)

				Living things grow and develop. You started life as a single cell. That cell divided to form new cells, which divided again. Now your body is made of approximately 100 trillion cells. As your body grew, your cells received signals that told them to change and become special types of cells: skin cells, heart cells, liver cells, brain cells, and so on. Your body developed along a plan, with a head at one end and a “tail” at the other. The DNA in your cells controlled all of these changes as your body developed. (For the scoop on the changes that occur in animal cells as they grow and develop, see Chapter 19.)

				Living things reproduce. People make babies, hens make chicks, and plasmodial slime molds make plasmodial slime molds. When organisms reproduce, they pass copies of their DNA onto their offspring, ensuring that the offspring have some of the traits of the parents. (Flip to Chapter 6 for full details on how cells reproduce and Chapter 19 for insight into how animals, particularly humans, make more animals.)

				Living things have traits that evolved over time. Birds can fly, but most of their closest relatives — the dinosaurs — couldn’t. The oldest feathers seen in the fossil record are found on a feathered dinosaur called Archaeopteryx. No birds or feathers have been found in any fossils that are older than those of Archaeopteryx. From observations like these, scientists can infer that having feathers is a trait that wasn’t always present on Earth; rather, it’s a trait that developed at a certain point in time. So, today’s birds have characteristics that developed through the evolution of their ancestors. (Ready to dig into the nitty-gritty details of evolution? See Chapter 12.)

				Making Sense of the World through Observations

				The true heart of science isn’t a bunch of facts — it’s the method that scientists use to gather those facts. Science is about exploring the natural world, making observations using the five senses, and attempting to make sense of those observations. Scientists, including biologists, use two main approaches when trying to make sense of the natural world:

				Discovery science: When scientists seek out and observe living things, they’re engaging in discovery science, studying the natural world and looking for patterns that lead to new, tentative explanations of how things work (these explanations are called hypotheses). If a biologist doesn’t want to disturb an organism’s habitat, he or she may use observation to find out how a certain animal lives in its natural environment. Making useful scientific observations involves writing detailed notes about the routine of the animal for a long period of time (usually years) to be sure that the observations are accurate.

				[image: technicalstuff.eps] Many of the animals and plants you’re familiar with were first identified during a huge wave of discovery science that took place in the 1800s. Scientists called naturalists traveled the world drawing and describing every new living thing they could find. Discovery science continues today as biologists attempt to identify all the tiniest residents of planet Earth (bacteria and viruses) and explore the oceans to see the strange and fabulous creatures that lurk in its depths.

				Hypothesis-based science: When scientists test their understanding of the world through experimentation, they’re engaging in hypothesis-based science, which usually calls for following some variation of a process called the scientific method (see the next section for more on this). Modern biologists are using hypothesis-based science to try and understand many things, including the causes and potential cures of human diseases and how DNA controls the structure and function of living things.

				Hypothesis-based science can be a bit more complex than discovery science, which is why we spend the next two sections introducing you to two important elements of hypothesis-based science: scientific method and experiment design.

				Introducing the scientific method

				The scientific method is basically a plan that scientists follow while performing scientific experiments and writing up the results. It allows experiments to be duplicated and results to be communicated uniformly. Here’s the general process of the scientific method:

				1. First, make observations and come up with questions.

				The scientific method starts when scientists notice something and ask questions like “What’s that?” or “How does it work?” just like a child might when he sees something new.

				2. Then form a hypothesis.

				Much like Sherlock Holmes, scientists piece together clues to try and come up with the most likely hypothesis (explanation) for a set of observations. This hypothesis represents scientists’ thinking about possible answers to their questions. Say, for example, a marine biologist is exploring some rocks along a beach and finds a new worm-shaped creature he has never seen before. His hypothesis is therefore that the creature is some kind of worm.

				[image: remember.eps]  One important point about a scientific hypothesis is that it must be testable, or falsifiable. In other words, it has to be an idea that you can support or reject by exploring the situation further using your five senses.

				3. Next, make predictions and design experiments to test the idea(s).

				Predictions set up the framework for an experiment to test a hypothesis, and they’re typically written as “if . . . then” statements. In the preceding worm example, the marine biologist predicts that if the creature is a worm, then its internal structures should look like those in other worms he has studied.

				4. Test the idea(s) through experimentation.

				Scientists must design their experiments carefully in order to test just one idea at a time (we explain how to set up a good experiment in the later “Designing experiments” section). As they conduct their experiments, scientists make observations using their five senses and record these observations as their results or data. Continuing with the worm example, the marine biologist tests his hypothesis by dissecting the wormlike creature, examining its internal parts carefully with the assistance of a microscope, and making detailed drawings of its internal structures.


				Discovery science of the 20th century

				Although discovery science about the types of plants and animals on Earth had its heyday in the 1800s, discovery science about life on a level that’s too small to see with the naked eye is ongoing. One incredibly important project that employed modern discovery science is the Human Genome Project, which set out to map where each trait is found on the 46 human chromosomes.

				Instead of traveling across the oceans to explore the world and catalog living things like the discovery scientists of 200 years ago, scientists from all over the world set out to explore the very tiny, but very complex, landscape of the 46 human chromosomes that contain the collection of all the genes found in humans. Each of the 25,000 genes they located provides information about inherited traits. The traits range from little things, such as whether you can curl your tongue or not, to truly important things, such as whether you have a genetic risk for developing breast cancer or cystic fibrosis. By finding out where genes are located, scientists can turn their attention to using this newfound information to develop hypotheses about cures and gene therapies.



				5. Then make conclusions about the findings.

				Scientists interpret the results of their experiments through deductive reasoning, using their specific observations to test their general hypothesis. When making deductive conclusions, scientists consider their original hypothesis and ask whether it could still be true in light of the new information gathered during the experiment. If so, the hypothesis can remain as a possible explanation for how things work. If not, scientists reject the hypothesis and try to come up with an alternate explanation (a new hypothesis) that could explain what they’ve seen. In the earlier worm example, the marine biologist discovers that the internal structures of the wormlike creature look very similar to another type of worm he’s familiar with. He can therefore conclude that the new animal is likely a relative of that other type of worm.

				6. Finally, communicate the conclusions with other scientists.

				Communication is a huge part of science. Without it, discoveries can’t be passed on, and old conclusions can’t be tested with new experiments. When scientists complete some work, they write a paper that explains exactly what they did, what they saw, and what they concluded. Then they submit that paper to a scientific journal in their field. Scientists also present their work to other scientists at meetings, including those sponsored by scientific societies. In addition to sponsoring meetings, these societies support their respective disciplines by printing scientific journals and providing assistance to teachers and students in the field.

				Designing experiments

				[image: remember.eps] Any scientific experiment must have the ability to be duplicated because the “answer” the scientist comes up with (whether it supports or refutes the original hypothesis) can’t become part of the scientific knowledge base unless other scientists can perform the exact same experiment and achieve the same results.

				When a scientist designs an experiment, he tries to develop a plan that clearly shows the effect or importance of each factor tested by his experiment. Any factor that can be changed in an experiment is called a variable.

				[image: remember.eps] Three kinds of variables are especially important to consider when designing experiments:

				Experimental variables: The factor you want to test is an experimental variable (also called an independent variable).

				Responding variables: The factor you measure is the responding variable (also called a dependent variable).

				Controlled variables: Any factors that you want to remain the same between the treatments in your experiment are controlled variables.

				Scientific experiments help people answer questions about the natural world. To design an experiment:

				 1. Make observations about something you’re interested in and use inductive reasoning to come up with a hypothesis that seems like a good explanation or answer to your question.

				Inductive reasoning uses specific observations to generate general principles.

				 2. Think about how to test your hypothesis, creating a prediction about it using an “if . . . then” statement.

				 3. Decide on your experimental treatment, what you’ll measure, and how often you’ll make measurements.

				[image: remember.eps] The condition you alter in your experiment is your experimental variable. The changes you measure are your responding variables.

				 4. Create two groups for your experiment: an experimental group and a control group.

				 The experimental group receives the experimental treatment; in other words, you vary one condition that might affect this group. The control group should be as similar as possible to your experimental group, but it shouldn’t receive the experimental treatment.

				 5. Set up your experiment, being careful to control all the variables except the experimental variable.

				 6. Make your planned measurements and record the quantitative and qualitative data in a notebook.

				Quantitative data is numerical data, such as height, weight, and number of individuals who showed a change. It can be analyzed with statistics and presented in graphs. Qualitative data is descriptive data, such as color, health, and happiness. It’s usually presented in paragraphs or tables.

				[image: tip.eps] Be sure to date all of your observations.

				 7. Analyze your data by comparing the differences between your experimental and control groups.

				[image: tip.eps] You can calculate the averages for numerical data and create graphs that illustrate the differences, if any, between your two groups.

				 8. Use deductive reasoning to decide whether your experiment supports or rejects your hypothesis and to compare your results with those of other scientists.

				 9. Report your results, being sure to explain your original ideas and how you conducted your experiment, and describe your conclusions.

				As an example of how you design an experiment, imagine you’re a marathon runner who trains with a group of friends. You wonder whether you and your friends will be able to run marathons faster when you eat pasta the night before the race. To answer your question, follow the scientific method and design an experiment.

				1. Form your hypothesis.

				Your hunch is that loading up on pasta will give you the energy you need to run faster the next day. Translate that hunch into a proper hypothesis, which looks something like this: The time it takes to run a marathon is improved by consuming large quantities of carbohydrates prerace.

				2. Treat one group with your experimental variable.

				In order to test your hypothesis, convince half of your friends to eat lots of pasta the night before the race. Because the factor you want to test is the effect of eating pasta, pasta consumption is your experimental variable.

				3. Create a control group that doesn’t receive the experimental variable.

				You need a comparison group for your experiment, so you convince half of your friends to eat a normal, nonpasta meal the night before the race. For the best results in your experiment, this control group should be as similar as possible to your experimental group so you can be pretty sure that any effect you see is due to the pasta and not some other factor. So, ideally, both groups of your friends are about the same age, same gender, and same fitness level. They’re also eating about the same thing before the race — with the sole exception being the pasta. All the factors that could be different between your two groups (age, gender, fitness, and diet) but that you try to control to keep them the same are your controlled variables.

				4. Measure your responding variable.

				Race time is your responding variable because you determine the effect of eating pasta by timing how long it takes each person in your group to run the race. Because scientists carefully record exact measurements from their experiments and present that data in graphs, tables, or charts, you average the race times for your friends in each of the two groups and present the information in a small table.

				5. Compare results from your two groups and make your conclusions.

				If your pasta-eating friends ran the marathon an average of two minutes faster than your friends who didn’t eat pasta, you may conclude that your hypothesis is supported and that eating pasta does in fact help marathon runners run faster races.


				One man’s error is another man’s starting point

				In the early 1900s, a Russian researcher named A.I. Ignatowski fed rabbits a diet of milk and eggs. He found that the rabbits’ aortas developed the same kind of plaques that form in people with atherosclerosis. Ignatowski wasn’t ignorant, but he assumed that the atherosclerosis was caused by the proteins in the milk and eggs. He was wrong.

				A younger researcher who was working in the same pathology department at the time, a Russian named Nikolai Anichkov, knew of Ignatowski’s work. Anichkov and some of his colleagues repeated Ignatowski’s study with one small change: They split the rabbits into three different groups. The first group was fed a supplement of muscle fluid, the second group was fed only egg whites, and the third group was fed only egg yolks. Only the yolk-eating rabbits developed plaques in their aortas. The young researchers ran the experiment again; this time they analyzed the atherosclerotic plaques to look for any concentrated chemical substances. In 1913, Anichkov and his colleagues discovered that cholesterol in the egg yolk was responsible for creating plaques in the aorta. Their discovery may not have been possible if Ignatowski had never conducted his experiment (or if he’d beaten them to the punch!).



				Before you can consider your research complete, you need to look at a few more factors:

				[image: remember.eps] Sample size: The number of individuals who receive each treatment in an experiment is your sample size. To make any kind of scientific research valid, the sample size has to be rather large. If you had only four friends participate in your experiment, you’d have to conduct your experiment again on much larger groups of runners before you could proudly proclaim that consuming large quantities of carbohydrates prerace helps marathon runners improve their speed.

				Replicates: The number of times you repeat the entire experiment, or the number of groups you have in each treatment category, are your replicates. Suppose you have 60 marathon-running friends and you break them into six groups of 10 runners each. Three groups eat pasta, and three groups don’t, so you have three replicates of each treatment. (Your total sample size is therefore 30 for each treatment.)

				Statistical significance: The mathematical measure of the validity of an experiment is referred to as statistical significance. Scientists analyze their data with statistics in order to determine whether the differences between groups are significant. If an experiment is performed repeatedly and the results are within a narrow margin, the results are said to be significant. In your experiment, if the race times for your friends were very similar within each group, so that pretty much all of your pasta-eating friends ran faster than your non-pasta-eating friends, then that two-minute difference actually meant something. But what if some pasta-eating friends ran slower than non-pasta-eating friends and one or two really fast friends in the pasta group lowered that group’s overall average? Then you might question whether the two minutes was really significant, or whether your two fastest friends just got put in the pasta group randomly.

				Error: Science is done by people, and people make mistakes, which is why scientists always include a statement of possible sources of error when they report the results of their experiments. Consider the possible errors in your experiment. What if you didn’t specify anything about the content of the normal meals to your non-pasta-eating friends? After the race, you might find out that some of your friends ate large amounts of other sources of carbohydrates, such as rice or bread. Because your hypothesis was about the effect of carbohydrate consumption on marathon running, a few non-pasta-eating friends eating rice or bread would represent a source of error in your experiment.

				[image: remember.eps] Whether the scientist is right or wrong isn’t as important as whether he or she sets up an experiment that can be repeated by other scientists who expect to get the same result.

				Seeing Science as the Constant Sharing of New Ideas

				The knowledge gathered by scientists continues to grow and change slightly all the time. Scientists are continually poking and prodding at ideas, always trying to get closer to “the truth.” They try to keep their minds open to new ideas and remain willing to retest old ideas with new technology. Scientists also encourage argument and debate over ideas because the discussion pushes them to test their ideas and ultimately adds to the strength of scientific knowledge. Following are some of the facts about scientific ideas that illustrate how science is ever-evolving:

				[image: remember.eps] Today’s scientists are connected to scientists of the past because new scientific ideas are built upon the foundations of earlier work. For instance, a scientist working in a particular area of biology reads all the scientific publications he can that relate to his work to be sure he has the best understanding possible of what has already been done and what’s already known. That way, he can plan research that will advance the understanding in his field and add new knowledge to the scientific knowledge base.

				Some scientific ideas are very old but still applicable today. Occasionally, new technology enables scientists to test old hypotheses in new ways, leading to new perspectives and changes in ideas. Case in point: Up until the 1970s, scientists looking through microscopes thought only two main types of cells made up living things. When scientists of the ’70s used new technology to compare the genetic code of cells, they realized that living things are actually made up of three main types of cells — two of the types just happen to look the same under a microscope. Of course, old ideas aren’t always proved completely wrong — for example, scientists still recognize the two structural types of cells — but big ideas can shift slightly in the face of new information.

				[image: remember.eps] When many lines of research support a particular hypothesis, the hypothesis becomes a scientific theory. A scientific theory is an idea that’s supported by a great deal of evidence and hasn’t been proven false despite repeated tests. Scientific theories don’t change as often as scientific hypotheses due to the significant evidence backing them up, but even scientific theories can shift in light of new evidence. Ideally, scientists always keep an open mind and look at new evidence objectively.


				Conflicting reports mean science is working

				Sure, it’s aggravating when the media reports conflicting findings — such as margarine is better for your cholesterol level but it also produces harmful fatty acids that contribute to heart disease — but conflicting news reports are a sign that science is alive and well. For example, when scientists figured out that high cholesterol levels contributed to heart disease, they correctly determined that a product created from vegetable oil rather than animal fat — in other words, margarine rather than butter — was a healthier choice if you were trying to lower your cholesterol level.

				But scientists don’t just leave things alone. They keep wondering, questioning, and pondering. They’re curious guys and gals, which is why they kept researching margarine. Recently, they discovered that when margarine breaks down, it releases trans fatty acids, which were found to be harmful to the heart and blood vessels. So, margarine has bad aspects that may outweigh the good. Yes, this can make decisions at the grocery store more confusing, but it can also lead to better health for everyone. Case in point: After the information about trans fatty acids became known, food companies started developing new ways to make margarine and other foods so that they don’t contain trans fatty acids.



				Tracking Down Scientific Information

				Scientists publish their work in part because scientists in different areas of the world may be trying to answer the same questions and could benefit from seeing how someone else approached the problem. The other part is that if scientists didn’t put their work out there, flaws and all, no one would ever know the work was being done. The sections that follow provide an overview of the different sources scientists use to communicate with each other (and the rest of the world).

				Journals: Not just for recording dreams

				Hundreds of scientific journals cover every topic and niche imaginable in the fields of biology, chemistry, physics, engineering, and so on. They’re published by numerous organizations, including professional groups, universities or medical centers, and medical and scientific publishing companies. Regardless of their subject matter or where they come from, all scientific journals have one common characteristic: They’re all considered a primary source of scientific information, meaning they contain a full description of the original research written by the original researchers.

				Anyone researching a topic, whether he’s a student or a scientist, consults the journals first. They contain the original research papers, which means you can always find the latest information in a specific field in a journal. The research papers are written following the scientific style of an abstract (summary). First, there’s a statement of the hypothesis. Next come a description of the materials used; a description of how the experiment was designed and performed; and the results of the experiment, including raw data, graphs, and tables. Finally, the paper notes the author’s conclusions and errors that occurred during the experiment(s).

				[image: remember.eps] Scientific journals undergo a peer-review process to help ensure the reliability of published scientific information. Here’s how the process works: The editor of a scientific journal sends a research paper out to other scientists who work in the same field as the scientist(s) who wrote the paper to examine and comment on the work. They’re tasked with making sure the science is thorough and that the research adds to the scientific knowledge base. The editor then decides whether or not to publish the paper based on the other scientists’ comments. If the reviewers’ and editor’s stringent criteria aren’t meant, the research paper can’t be published in the journal.

				[image: tip.eps] Although many scientific journals are available online, you may not be able to access the articles without paying a fee. However, if you’re a student at a college or university, your school library may subscribe to various scientific journals. Ask a member of the library staff whether the school subscribes to any scientific journals and, if so, how you can access them via the library’s computers.

				Textbooks: A student’s go-to source

				Textbooks. Whether you love ’em or hate ’em (or could care less about ’em), textbooks are considered secondary sources of scientific information, meaning they compile or discuss information taken from primary sources. Secondary sources aren’t usually written by the original researchers. They present the knowledge base of a specific topic or field at a certain point in time, which makes them a good source to turn to for the history of a topic, basic facts about a certain subject, and summaries of important research that has furthered the field.

				The popular press: Not always accurate

				The popular press — regular ol’ newspapers, magazines, and television and radio programs, are considered tertiary sources (meaning they’re twice removed from the original source of information). The popular press provides information, of course, but the validity of that information isn’t guaranteed. There’s always a chance that the journalist doing the reporting may have misunderstood the scientist’s research or something he said. It’s like that old childhood game where the information given to the first person is usually changed by the time it gets relayed to the last person.

				[image: remember.eps] You’re always better off citing an article in a journal or textbook before one from a major media outlet.

				The Internet: A wealth of information, not all of it good

				Lots of scientific information is available on the Internet, and much of it is available for free. The trick is distinguishing the good stuff from the bad. To find good-quality scientific information:

				Visit government Web sites. These Web sites end in .gov. Some primary literature is available on government Web sites, but even the secondary literature is usually of high quality. If you use the advanced search feature on your web browser, you should be able to restrict your searches to the types of domains you’re interested in.

				Surf university Web sites. These Web sites end in .edu. Some university scientists post copies of their papers, which are examples of primary literature, and others post good-quality lecture notes and articles. (Better yet, if you’re a student at a college or university, access the primary literature — scientific journals — through your school library’s subscription service.)

				Be careful when visiting organization Web sites. These Web sites end in .org. Large organizations with good reputations, such as the American Heart Association, usually have good-quality secondary information on their sites; they may even post links to primary sources. However, smaller organizations that don’t have an established reputation aren’t good sources for scientific information.

				[image: remember.eps] Avoid commercial Web sites (those with .com endings) when you’re looking for scientific information. People and organizations operating commercial sites are trying to sell you something. They have an agenda of their own, which means you can’t trust that they’re completely unbiased. The information they present may be one-sided or not accepted as reliable by the scientific community.

			

		

	
		
			
				Chapter 3

				The Chemistry of Life

				In This Chapter

				Seeing why matter is so important

				Distinguishing among atoms, elements, isotopes, molecules, and compounds

				Getting to know acids and bases

				Understanding the structure and function of important molecules for life

				Everything that has mass and takes up space, including you and the rest of life on Earth, is made of matter. Atoms make up molecules, which make up the substance of living things. Carbohydrates, proteins, nucleic acids, and lipids are four kinds of molecules that are especially important to the structure and function of organisms. In this chapter, we present a bit of the basic chemistry that’s essential for understanding biology.

				Exploring Why Matter Matters

				Matter is the stuff of life — literally. Every living thing is made of matter. In order to grow, living things must get more matter to build new structures. When living things die, be they plants or animals, microbes such as bacteria and fungi digest the dead matter and recycle it so that other living things can use it again. In fact, pretty much all the matter on Earth has been here since the planet formed 4.5 billion years ago; it has just been recycled since then. So, the stuff that makes up your body may once have been part of Tyrannosaurus rex, a butterfly, or even a bacterium.


				Invisible matter

				What looks like nothing but is really something? Air! Earth’s atmosphere may seem like nothing, but it’s made of gases such as nitrogen, carbon dioxide, and oxygen. These gases interact with living things in many ways. Plants, for example, take in carbon dioxide to make food and then use that food to build their structures. It’s hard to believe, but the tallest tree in the redwood forest grows and grows from the result of invisible carbon dioxide gas being taken in and incorporated into the body of the tree. Obviously the redwood tree takes up space and has mass, but those invisible carbon dioxide molecules are matter too.



				[image: remember.eps] Following are a few facts you should know about matter:

				Matter takes up space. Space is measured in volume, and volume is measured in liters (L).

				Matter has mass. Mass is the term for describing the amount of matter that a substance has. It’s measured in grams (g). Earth’s gravity pulls on your mass, so the more mass you have, the more you weigh.

				Matter can take several forms. The most familiar forms of matter are solids, liquids, and gases. Solids have a definite shape and size, such as a person or a brick. Liquids have a definite volume. They can fill a container, but they take the shape of the container that they fill. Gases are easy to compress and expand to fill a container.

				[image: tip.eps] To understand the difference between mass and weight, compare your weight on Earth versus your weight on the Moon. No matter where you are, your body is made of the same amount of stuff, or matter. But the Moon is so much smaller than Earth that it has a lot less gravity to pull on your mass. So, your weight on the Moon would be just one-sixth of your weight on Earth, but your mass would remain the same!

				Recognizing the Differences between Atoms, Elements, and Isotopes

				All matter is composed of elements. When you break down matter into its smallest components, you’re left with individual elements that themselves break down into atoms consisting of even smaller pieces called subatomic particles. And sometimes the number of those subatomic particles within a particular atom differs, creating isotopes. Whew. That’s a lot to take in, which is why we break the concepts of atoms, elements, and isotopes down for you in the sections that follow.

				“Bohr”ing you with atoms

				An atom is the smallest whole, stable piece of an element that still has all the properties of that element. It’s the smallest “piece” of matter that can be measured. Every atom actually contains even smaller pieces known collectively as subatomic particles. These include protons, neutrons, and electrons (and even quarks, mesons, leptons, and neutrinos). Subatomic particles can’t be removed from an atom without destroying the atom.

				[image: remember.eps] Here’s the basic breakdown of an atom’s structure (see Figure 3-1):

				The core of an atom, called the nucleus, contains two kinds of subatomic particles: protons and neutrons. Both have mass, but only one carries any kind of charge. Protons carry a positive charge, but neutrons have no charge (they’re neutral). Because the protons are positive and the neutrons have no charge, the net charge of an atom’s nucleus is positive.

				Clouds of electrons surround the nucleus. Electrons carry a negative charge but have no mass.

				[image: remember.eps] Atoms become ions when they gain or lose electrons. In other words, ions are essentially charged atoms. Positive (+) ions have more protons than electrons; negative (–) ions have more electrons than protons. Positive and negative charges attract one another, allowing atoms to form bonds, as explained in the later “Molecules, Compounds, and Bonds” section.

				Elements of elements

				An element is a substance made of atoms that have the same number of protons. Think of them as “pure” substances all made of the same thing. All the known elements are organized into the periodic table of elements (shown in Figure 3-2), which has the following properties:

				Each row of the table is called a period. Moving across the table horizontally, you go from metals to nonmetals, with heavy metals in the middle.

				Each column is called a family or group. Elements within the same family/group have similar properties. The size of the atom increases from top to bottom within each column.

				
					Figure 3-1: The Bohr model of an atom’s structure.

				

				[image: 598757-fg0301.eps]

				
					Figure 3-2: The periodic table of elements.

				

				[image: 598757-fg0302.eps]

				Notice in Figure 3-2 how each element has a number associated with it? That number is the atomic number — the number of protons in the nucleus of an atom of a particular element. For example, carbon (the letter C in the periodic table) has six protons in the nucleus of one atom, so its atomic number is 6. Periodic law states that the properties of elements are a periodic function of their atomic numbers. In other words, when elements are arranged by their atomic number, they form groups with similar properties. The number of electrons in one atom of an element is also equal to the atomic number because atoms are neutral (the positively charged particles are offset by the negatively charged particles one for one).

				[image: remember.eps] Of all the elements in the periodic table, living things use only a handful. The four most common elements found in living things are hydrogen, carbon, nitrogen, and oxygen, all of which are found in air, plants, and water. (Several other elements exist in smaller amounts in organisms, including sodium, magnesium, phosphorus, sulfur, chlorine, potassium, and calcium.)

				Most often, the elements sodium, magnesium, chlorine, potassium, and calcium circulate in the body as electrolytes, substances that release ions (described in the preceding section) when they break apart in water. For instance, when in the “water” of the body, sodium chloride (NaCl) breaks apart into the ions Na+ and Cl–, which are then used either in organs such as the heart or in cellular processes.

				I so dig isotopes

				[image: remember.eps] All atoms of an element have the same number of protons, but the number of neutrons can change. If the number of neutrons is different between two atoms of the same element, the atoms are called isotopes of the element.

				For example, carbon-12 and carbon-14 are two isotopes of the element carbon. Atoms of carbon-12 have 6 protons and 6 neutrons. These carbon atoms have a mass number of 12 because their mass is equal to 12. Atoms of carbon-14 still have 6 protons (because all carbon atoms have 6 protons), but they have 8 neutrons, giving them a mass number of 14.

				The atomic mass of an element is the average mass of all the isotopes of that element, taking into account their relative abundance. If you look back at the periodic table in Figure 3-2, you can see that the atomic mass of carbon (written underneath the letter C) is 12.01. This number tells you that if you took the average of the mass of all the carbon atoms on Earth, they’d average out to 12.01. The most stable isotope of carbon is carbon-12, so it’s more abundant than carbon-14. (When you average the mass of lots of atoms of carbon-12 with some of carbon-14, you get a number slightly larger than 12.)

				Molecules, Compounds, and Bonds

				When you start putting elements together, you get more complex forms of matter, such as molecules and compounds. Molecules are made of two or more atoms, and compounds are molecules that contain at least two different elements.

				[image: tip.eps] One way to sort out the differences between elements, molecules, and compounds is to think about making chocolate chip cookies. First, you need to mix the wet ingredients: butter, sugar, eggs, and vanilla. Consider each of those ingredients a separate element. You need two sticks of the element butter. When you combine butter plus butter, you get a molecule of butter. Before you add the element of eggs, you need to beat them. So, when you add egg plus egg in a little dish, you get a molecule of eggs. When all the wet ingredients are mixed together, the molecule of butter is combined with the molecule of eggs, and you get a compound called “wet.” Next, you need to mix together the dry ingredients: flour, salt, and baking soda. Think of each of those ingredients as a separate element. When all the dry ingredients are mixed together, you get a compound called “dry.” Only when the wet compound is mixed with the dry compound is the reaction sufficiently ready for the most important element: the chocolate chips.

				So what holds the elements of molecules and compounds together? Bonds, of course. Two important types of bonds exist in living things:

				Ionic bonds hold ions joined together by their opposite electrical charges. Ionic reactions occur when atoms combine and lose or gain electrons. When sodium (Na) and chlorine (Cl) combine, for example, sodium loses an electron to chlorine. Sodium becomes the positively charged sodium ion (Na+), and chlorine becomes the negatively charged chloride ion (Cl–). These two oppositely charged ions are attracted to each other, forming an ionic bond.

				Covalent bonds are formed when atoms share electrons in a covalent reaction. When two oxygen atoms join together to form oxygen gas, they share two pairs of electrons with each other. Each shared pair of electrons is one covalent bond, so the two pairs of shared electrons in a molecule of oxygen gas have a double bond. Covalent bonds are extremely important in biology because they hold together the backbones of all biological molecules.

				Acids and Bases (Not a Heavy Metal Band)

				Some substances, such as lemon juice and vinegar, have a real edge when you taste them. Others, such as battery acid and ammonia, are so caustic you don’t even want to get them on your skin. These substances are acids and bases, both of which have the potential to damage cells.

				Acids are molecules that can split apart in water and release hydrogen ions (H+). A common example is hydrochloric acid (HCl). When HCl is added to water, it splits apart into H+ and Cl–, increasing the number of hydrogen ions in the water/HCl solution.

				Bases are molecules that can split apart in water and release hydroxide ions (OH–). The most common example is sodium hydroxide (NaOH). When NaOH is added to water, it splits apart into Na+ and OH–.

				Charged particles, like hydrogen and hydroxide ions, can interfere with the chemical bonds that hold molecules together. Because living things are made of molecules, strong acids and bases can release enough of these ions to cause damage.

				[image: technicalstuff.eps] Even water can split apart to create hydrogen and hydroxide ions. Each water molecule (H2O) can separate into one hydrogen ion (H+) and one hydroxide ion (OH–). These ions can easily recombine to reform water molecules and will keep shifting back and forth between their molecular and ionized forms. In pure water, the number of hydrogen ions and hydroxide ions are balanced, so they don’t do any damage to living things.

				The relative concentration of hydrogen to hydroxide ions is represented by the pH scale. The following sections explain the pH scale and how organisms regulate themselves when their pH gets out of balance.

				“Ph”iguring out the pH scale

				In the early 1900s, scientists came up with the pH scale, a system of classifying how acidic or basic a solution is. The term pH symbolizes the hydrogen ion concentration in a solution (for example, what proportion of a solution contains hydrogen ions). The pH scale goes from 1 to 14. A pH of 7 is neutral, meaning the amount of hydrogen ions and hydroxide ions in a solution with a pH of 7 is equal, just like in pure water.

				A solution that contains more hydrogen ions than hydroxide ions is acidic, and the pH of the solution is less than 7. If a molecule releases hydrogen ions in water, it’s an acid. The more hydrogen ions it releases, the stronger the acid, and the lower the pH value.

				A solution that contains more hydroxide ions than hydrogen ions is basic, and its pH is higher than 7. Bases dissociate (break apart) into hydroxide ions (OH–) and a positive ion. The hydroxide ions can combine with H+ to create water. Because the hydrogen ions are used, the number of hydrogen ions in the solution decreases, making the solution less acidic and therefore more basic. So, the more hydroxide ions a molecule releases (or the more hydrogen ions it takes in), the more basic it is.

				Table 3-1 shows you the pH of some common substances. Use it to help you visually figure out the pH scale.

				
					
						
								
								Table 3-1 The pH of Some Common Substances

							
						

						
								
								Increasing pH

							
								
								Substances

							
						

						
								
								0 (most acidic)

							
								
								Hydrochloric acid (HCl)

							
						

						
								
								1

							
								
								Battery acid

							
						

						
								
								2

							
								
								Lemon juice, vinegar, stomach acid

							
						

						
								
								3

							
								
								Cola, apples

							
						

						
								
								4

							
								
								Beer

							
						

						
								
								4.5

							
								
								Tomatoes

							
						

						
								
								5

							
								
								Black coffee, bananas

							
						

						
						
								
								5.5

							
								
								Normal rainwater

							
						

						
								
								6

							
								
								Urine

							
						

						
								
								6.5

							
								
								Saliva, milk

							
						

						
								
								7 (neutral)

							
								
								Water, tears

							
						

						
								
								7.5

							
								
								Human blood

							
						

						
								
								8

							
								
								Seawater, eggs

							
						

						
								
								9

							
								
								Baking soda, antacids

							
						

						
								
								10

							
								
								Great Salt Lake

							
						

						
								
								11

							
								
								Ammonia

							
						

						
								
								12

							
								
								Bicarbonate of soda, soapy water

							
						

						
								
								13

							
								
								Oven cleaner, bleach

							
						

						
								
								14 (most basic)

							
								
								Sodium hydroxide (NaOH), liquid drain cleaner

							
						

					
				

				Buffing up on buffers

				In organisms, blood or cytoplasm are the “solutions” in which the required ions (for example, electrolytes) are floating. That’s why most substances in the body hover around the neutral pH of 7. However, nothing’s perfect, so the human body has a backup system in case things go awry. A system of buffers exists to help neutralize the blood if excess hydrogen or hydroxide ions are produced.

				[image: remember.eps] Buffers keep solutions at a steady pH by combining with excess hydrogen (H+) or hydroxide (OH–) ions. Think of them as sponges for hydrogen and hydroxide ions. If a substance releases these ions into a buffered solution, the buffers will “soak up” the extra ions.

				The most common buffers in the human body are bicarbonate ion (HCO3–) and carbonic acid (H2CO3). Bicarbonate ion carries carbon dioxide through the bloodstream to the lungs to be exhaled (see Chapter 15 for more on the respiratory system), but it also acts as a buffer. Bicarbonate ion takes up extra hydrogen ions, forming carbonic acid and preventing the pH of the blood from going too low. If the opposite situation occurs and the pH of the blood gets too high, carbonic acid breaks apart to release some hydrogen ions, which brings the pH back into balance.

				[image: technicalstuff.eps] If something goes wrong with the buffer system and the pH drops too low, an organism can develop acidosis (meaning the blood becomes too acidic). If the reverse happens and the pH gets too high, an organism can develop alkalosis (meaning the blood becomes too basic).

				Carbon-Based Molecules: The Basis for All Life

				All living things rely pretty heavily on one particular type of molecule: carbon. The little ol’ carbon atom, with its six protons and an outer shell of four electrons, is the central focus of organic chemistry, which is the chemistry of living things. When carbon bonds to hydrogen (which happens frequently in organic molecules), the carbon and hydrogen atoms share a pair of electrons in a covalent bond. Molecules with lots of carbon-hydrogen bonds are called hydrocarbons. Nitrogen, sulfur, and oxygen are also often joined to carbon in organisms.

				So where do the carbon-containing molecules come from? The answer’s simple: food. Some living things, like people, need to eat other living things to get their food, but some organisms, like plants, can make their own food. Regardless of the food source, all living things use food as a supply of carbon-containing molecules.

				Carbon atoms are central to all organisms because they’re found in carbohydrates, proteins, nucleic acids, and lipids — otherwise known as the structural materials of all living things. The sections that follow describe the roles of these materials.

				Providing energy: Carbohydrates

				Carbohydrates, as the name implies, consist of carbon, hydrogen, and oxygen. The basic formula for carbohydrates is CH2O, meaning the core structure of a carbohydrate is one carbon atom, two hydrogen atoms, and one oxygen atom. This formula can be multiplied; for example, glucose has the formula C6H12O6, which is six times the ratio, but still the same basic formula.

				[image: remember.eps] But what is a carbohydrate? Well, carbohydrates are energy-packed compounds. Living creatures can break carbohydrates down quickly, making them a source of near-immediate energy. However, the energy supplied by carbohydrates doesn’t last long. Therefore, reserves of carbohydrates in the body must be replenished frequently, which is why you find yourself hungry every four hours or so. Although carbohydrates are a source of energy, they also serve as structural elements (such as cell walls in plants).

				Carbohydrates come in the following forms:

				Monosaccharides: Simple sugars consisting of three to seven carbon atoms are monosaccharides (see Figure 3-3a). In living things, monosaccharides form ring-shaped structures and can join together to form longer sugars. The most common monosaccharide is glucose.

				Disaccharides: Two monosaccharide molecules joined together form a disaccharide (see Figure 3-3b). Common disaccharides include sucrose (table sugar) and lactose (the sugar found in milk).

				Oligosaccharides: More than two but just a few monosaccharides joined together are an oligosaccharide (see Figure 3-3c). Oligosaccharides are important markers on the outsides of your cells (head to Chapter 4 for more on cells), such as the oligosaccharides that determine whether your blood type is A or B (people with type O blood don’t have any of this particular oligosaccharide).

				Polysaccharides: Long chains of monosaccharide molecules linked together form a polysaccharide (see Figure 3-3d). Some of these babies are huge, and when we say huge, we mean some of them can have thousands of monosaccharide molecules joined together. Starch and glycogen, which serve as a means of storing carbohydrates in plants and animals, respectively, are examples of polysaccharides.

				
					Figure 3-3: A variety of carbohydrate molecules.

				

				[image: 598757-fg0303.eps]

				[image: technicalstuff.eps] Note that most of the names of carbohydrates end in -ose. Glucose, fructose, ribose, sucrose, maltose — these are all sugars. A sugar is a carbohydrate that dissolves in water, tastes sweet, and can form crystals. Just like, well, the sugar in your sugar bowl.


				What’s the big deal about “natural” sugars?

				Sugars are an important source of energy and carbon for living things. Yet many people these days have a love-hate relationship with sugar. Overconsumption of sugars such as sucrose can lead to obesity, diabetes, and tooth decay, so sometimes people perceive sugar as harmful to the body. This perception has spawned a huge branch of the food industry dedicated to finding alternatives to sucrose. Some products advertise themselves as healthier because they contain “natural” sugars such as fructose (the sugar in fruit). However, fructose really isn’t that different from sucrose — in fact, it’s one of the two monosaccharides that are part of sucrose. Fructose is a six-carbon sugar molecule that digests a little more slowly than glucose and is sweeter to the taste. So, potentially less fructose can be used to achieve the same effect as sucrose or glucose. However, the sweetening power of fructose depends on the food it’s used in. Often there isn’t much nutritional difference between foods sweetened with sucrose and those sweetened with fructose. Plus, much of the commercially available fructose is actually derived from sucrose, not extracted from fruit. So although “natural” fruit sugar may sound better, the differences between sugars may be so slight that they don’t make much difference to the body at all.



				The next sections explain how sugars interact with one another and how the human body stores a particular carbohydrate known as glucose.

				Making and breaking sugars

				Monosaccharides join together in a process known as dehydration synthesis, which involves two molecules bonding and losing a water molecule. Figure 3-3b shows the dehydration synthesis of glucose and fructose to form sucrose.

				[image: tip.eps] The term dehydration synthesis may sound technical, but it’s not at all if you really think about what the words mean. Dehydration, as we’re sure you know, is what happens when you don’t drink enough water. You dry out because water is removed (but not completely) from some cells, such as those in your tongue, to make sure more important cells, like those in your heart or brain, continue to function. Synthesis means making something. If you really think about it, in dehydration synthesis, something must be made when water is removed. That’s exactly what happens. When glucose and fructose get together, a water molecule is removed from the monosaccharides and given off as a byproduct of the reaction.

				The opposite of dehydration synthesis is hydrolysis. A hydrolysis reaction breaks down a larger sugar molecule into its original monosaccharides. When something undergoes hydrolysis, a water molecule splits a compound (hydro means “water”; lysis means “break apart”). When sucrose is added to water, it splits apart into glucose and fructose.

				Converting glucose for storage purposes

				Carbohydrates are found in nearly every food, not just bread and pasta. Fruits, vegetables, and even meats also contain carbohydrates, although meats don’t contain very many. Basically, any food that contains sugar has carbohydrates, and most foods are converted to sugars when they’re digested.

				When you digest your food, the carbohydrates from it break down into small sugars such as glucose. Those glucose molecules are then absorbed from your intestinal cells into your bloodstream, which carries the glucose molecules throughout your entire body. The glucose enters each of your body’s cells and is used as a source of carbon and energy.

				Because glucose provides a rapid source of energy, organisms often keep some on hand. They store it in various polysaccharides that can be quickly broken down when glucose is needed. Consider the following list your primer on the things glucose can be stored as:

				Glycogen: Animals, including people, store a polysaccharide of glucose called glycogen. It has a compact structure, so lots of it can be stored in cells for later use. Your liver, in particular, keeps a large glycogen reserve on hand for when you exercise.

				Starch: Plants store glucose as the polysaccharide starch. The leaves of a plant produce sugar during the process of photosynthesis and then store some of that sugar as starch. When the simple sugars need to be retrieved for use, the starch is broken down into its smaller components.

				[image: technicalstuff.eps] Plants also make a polysaccharide of glucose called cellulose. Cellulose plays a structural role for plants rather than a storage role by giving rigidity to the plant cells. Most animals, including people, can’t digest cellulose because of the type of bonds between the glucose molecules. Because cellulose passes through your digestive tract virtually untouched, it helps maintain the health of your intestines.

				Making life possible: Proteins

				Without proteins, living things wouldn’t exist. Many proteins provide structure to cells; others bind to and carry important molecules throughout the body. Some proteins are involved in reactions in the body when they serve as enzymes (see Chapter 4 for more on enzymes). Still others are involved in muscle contraction or immune responses. Proteins are so diverse that we can’t possibly tell you about all of them. What we can tell you about, however, are the basics of their structure and their most important functions.

				The building blocks of proteins

				Amino acids, of which there are 20, are the foundation of all proteins. Think of them as train cars that make up an entire train called a protein. Figure 3-4 shows what one amino acid looks like.

				The genetic information in cells calls for amino acids to link together in a certain order, forming chains called polypeptide chains. Amino acids link together by dehydration synthesis, just like sugars do (as explained in the earlier “Making and breaking sugars” section), and each polypeptide chain is made up of a unique number and order of amino acids.

				
					Figure 3-4: Amino acid structure.

				

				[image: 598757-fg0304.eps]

				The main functions of proteins

				One or more polypeptide chains come together to form functional proteins. Once formed, each protein does a specific job or makes up a specific tissue in the body.

				Enzymes are proteins that speed up the rate of chemical reactions. Metabolic processes don’t happen automatically; they require enzymes. For the full scoop on enzymes, head to Chapter 4.

				Structural proteins reinforce cells and tissues. Collagen, a structural protein found in connective tissue (the tissue that joins muscles to bones to allow movement), is the most abundant protein in animals with a backbone. Connective tissue includes ligaments, tendons, cartilage, bone tissue, and even the cornea of the eye. It provides support in the body, and it has a great capability to be flexible and resistant to stretching.

				Transport proteins move materials around cells and around the body. Hemoglobin is a transport protein found in red blood cells that carries oxygen around the body. A hemoglobin molecule is shaped kind of like a three-dimensional four-leaf clover without a stem. Each leaf of the clover is a separate polypeptide chain. In the center of the clover, but touching each polypeptide chain, is a heme group with an atom of iron at its center. When gas exchange occurs between the lungs and a blood cell (for more on respiration and circulation, see Chapter 15), the iron atom attaches to the oxygen. Then, the iron-oxygen complex releases from the hemoglobin molecule in the red blood cell so the oxygen can cross cell membranes and get inside any cell of the body.

				Drawing the cellular road map: Nucleic acids

				Until as recently as the 1940s, scientists thought that genetic information was carried in the proteins of the body. They thought nucleic acids, a new discovery at the time, were too small to be significant. That all changed in 1953 when James Watson and Francis Crick figured out the structure of a nucleic acid, proving things were the other way around: Nucleic acids created the proteins!

				Nucleic acids are large molecules that carry tons of small details, specifically all the genetic information for an organism. Nucleic acids are found in every living thing — plants, animals, bacteria, and fungi. Just think about that fact for a moment. People may look different than fungi, and plants may behave differently than bacteria, but deep down all living things contain the same chemical “ingredients” making up very similar genetic material.

				[image: remember.eps] Nucleic acids are made up of strands of nucleotides. Each nucleotide has three components of its own:

				A nitrogen-containing base called a nitrogenous base

				A sugar that contains five-carbon molecules

				A phosphate group

				That’s it. Your entire genetic composition, personality, and maybe even your intelligence hinge on molecules containing a nitrogen compound, some sugar, and a phosphate. The following sections introduce you to the two types of nucleic acids.

				Deoxyribonucleic acid (DNA)

				You may have heard DNA (short for deoxyribonucleic acid) referred to as “the double helix.” That’s because DNA contains two strands of nucleotides arranged in a way that makes it look like a twisted ladder. See for yourself in Figure 3-5.

				
					Figure 3-5: The twisted-ladder model of a DNA double helix.

				

				[image: 598757-fg0305.eps]

				The sides of the ladder are made up of sugar and phosphate molecules, hence the nickname “sugar-phosphate backbone.” (The name of the sugar in DNA is deoxyribose.) The “rungs” on the ladder of DNA are made from pairs of nitrogenous bases from the two strands.

				[image: remember.eps] The nitrogenous bases that DNA builds its double helix upon are adenine (A), guanine (G), cytosine (C), and thymine (T). The order of these chemical letters spells out your genetic code. Oddly enough, the bases always pair in a certain way: Adenine always goes with thymine (A-T), and guanine always links up with cytosine (G-C). These particular base pairs line up just right chemically so that hydrogen bonds can form between them.

				Certain sections of nitrogenous bases along a strand of DNA form a gene. A gene is a unit that contains the genetic information or codes for a particular protein and transmits hereditary information to the next generation. Whenever a new cell is made in an organism, the genetic material is reproduced and put into the new cell. (You can find details about this in Chapter 6.) The new cell can then create proteins and also pass on the genetic information to the next new cell.

				But genes aren’t found only in reproductive cells. Every cell in an organism contains DNA (and therefore genes) because every cell needs to make proteins. Proteins control function and provide structure. Therefore, the blueprints of life are stored in each and every cell.

				The order of the nitrogenous bases on a strand of DNA (or in a section of the DNA that makes up a gene) determines the order in which amino acids are strung together to make a protein. Which protein is produced determines which structural element is produced within your body (such as muscle tissue, skin, or hair) or what function can be performed (such as the transportation of oxygen to all the cells).

				[image: remember.eps] Every cellular process and every aspect of metabolism is based on genetic information stored in DNA and thus the production of the proper proteins. If the wrong protein is produced (as in the case of cancer), then disease occurs.

				Ribonucleic acid (RNA)

				RNA, short for ribonucleic acid, is a chain of nucleotides that serves as an important information molecule. It plays an important role in the creation of new proteins (which we cover in Chapter 8). The structure of RNA is slightly different from that of DNA.

				RNA molecules have only one strand of nucleotides.

				The nitrogenous bases used are adenine, guanine, cytosine, and uracil (rather than thymine).

				The sugar in RNA is ribose (not deoxyribose).

				Supplying structure, energy, and more: Lipids

				In addition to carbohydrates, proteins, and nucleic acids, your body needs one more type of large molecule to survive. Yet, if you’re like most people, you try to avoid too much of it in your diet. We’re talking about fats, which can be both a blessing and a curse because of their incredible energy density (the ability to store lots of calories in a small space). The energy density of fats makes them a highly efficient way for living things to store energy — very useful when food isn’t always available. But that same energy density makes it really easy to pack in the calories when you eat fatty foods!

				Fats are an example of a type of molecule called lipids. Lipids are hydrophobic molecules, meaning they don’t mix well with water. You’ve probably heard the saying that “oil and water don’t mix.” Well, oil is a liquid lipid, so the old saying is true; it really doesn’t mix with water. Butter and lard are examples of solid lipids, as are waxes, which are valued for their water-repellent properties on snowboards, skis, and automobiles.

				[image: remember.eps] Three major types of lipid molecules exist:

				Phospholipids: These lipids, made up of two fatty acids and a phosphate group, have an important structural function for living things because they’re part of the membranes of cells (see Chapter 4 for more on cell membranes). Phospholipids aren’t the type of lipid floating around the bloodstream clogging arteries.

				Steroids: These lipid compounds, consisting of four connecting carbon rings and a functional group that determines the steroid, generally create hormones. Cholesterol is a steroid molecule used to make testosterone and estrogen; it’s also found in the membranes of cells. The downside to cholesterol is that it’s transported around the body by other lipids. If you have too much cholesterol floating in your bloodstream, then you have an excess of fats carrying it through your bloodstream. This situation is troubling because the fats and cholesterol molecules can get stuck in your blood vessels, leading to blockages that cause heart attacks or strokes.

				Triglycerides: These fats and oils, which are made up of three fatty acid molecules and a glycerol molecule, are important for energy storage and insulation. In people, fats form from an excess of glucose. After the liver stores all the glucose it can as glycogen, whatever remains is turned into triglycerides. (Both sugars and fats are made of carbon, hydrogen, and oxygen, so your cells just rearrange the atoms to convert from one to another.) The triglycerides float through your bloodstream on their way to be deposited into adipose tissue — the soft, squishy fat you can see on your body. Adipose tissue is made up of many, many molecules of fat. The more fat molecules that are added to the adipose tissue, the bigger the adipose tissue (and the place on your body that contains it) gets.

				Whether a triglyceride is a fat or an oil depends on the bonds between the carbon and hydrogen atoms.

				 • Fats contain lots of single bonds between their carbon atoms. These saturated bonds pack tightly (see Figure 3-6), so fats are solid at room temperature.

				 • Oils contain lots of double bonds between their carbon atoms. These unsaturated bonds don’t pack tightly (see Figure 3-6), so oils are liquid at room temperature.

				
					Figure 3-6: Saturated and unsaturated bonds in a typical triglyceride.

				

				[image: 598757-fg0306.eps]

				Fat provides an energy reserve to your body. When you use up all of your stored glucose (which doesn’t take long because sugars “burn” quickly in aerobic conditions), your body starts breaking down glycogen, which is stored primarily in the liver and muscle. Liver glycogen stores can typically last 12 or more hours. After that, your body starts breaking down adipose tissue to retrieve some stored energy. That’s why aerobic exercise, so long as it’s enough to use up more calories than you took in that day, is the best way to lose fat. (Notice we didn’t say “pounds” here. Pounds measure everything in your body’s composition: fat tissue, muscle tissue, and bone, along with water, your organs, skin, and some incidental stuff.)
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