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This garter snake, Thamnophis sirtalis, is a fearsome predator. ﻿It devours whatever it can easily overpower, including snails, slugs, earthworms, frogs, bird nestlings, mice—and newts. Can it counter the deadly defense of the rough-skinned newt? You’ll find out the answer in this edition of Biological Science, while exploring an ongoing “evolutionary arms race” between snakes and newts (see the case study).
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Preface to Instructors




Since its inception, Biological Science’s unique emphasis on the process of scientific discovery and guiding students to think like biologists has placed this book at the forefront of change in the way we teach biology. The Eighth Edition embraces this legacy and continues to exemplify the principles outlined in the Vision and Change in Undergraduate Biology Education report, further expanding its emphasis on the skills that students need to be successful in biology, such as quantitative reasoning and applying biology to solve societal challenges. In addition, the Eighth Edition leverages insights from education research to help students feel a sense of belonging in the scientific community, build a science identity, and feel a sense of self-efficacy in relating their learning to careers and community needs. As in previous editions, the cutting-edge biology in the Eighth Edition is pitched at the appropriate level for introductory students and features case studies that are timely and engaging to instructors and students alike. Embracing new technology, a newly designed and author-curated Mastering Biology for the Eighth Edition helps align learning outcomes with assessments and activities that support high-structure courses and active learning.







        

      

    


      
        
          
Core Values




In the Eighth Edition, the coauthor team has strived to maintain the core values and extend the vision of Biological Science:





	
                  To help students engage their cognitive and metacognitive skills, as well as their growth mindset, to become expert learners.

              

	
                  To engage students in the practice of thinking like a biologist to prepare them for their careers and community roles.

              

	
                  To be inclusive of all learners and to humanize diverse scientists.

              






These goals align with those called for by the National Academy of Sciences, the Howard Hughes Medical Institute, the American Association of Medical Academies, and the National Science Foundation. Reports such as Biology 2010, Scientific Foundations for Future Physicians, and Vision and Change place a premium on fundamental skills and concepts as well as connecting core ideas across all levels of biology, among biology and other disciplines, and between biology and society.







        

      

    


      
        
          
What’s New in This Edition




Many of the new or expanded features in the Eighth Edition are designed to help students reflect on thinking and learning. In the Eighth Edition, cutting-edge and core biology content is seamlessly intertwined with development of students’ skills with a new emphasis on metacognition, study strategies, and quantitative reasoning. With Biological Science students learn to construct their own knowledge and think like biologists. In Mastering Biology, a new integrated assignment combines assessment and reading, making it easy to provide opportunities for students to learn and practice in an all-in-one learning experience.




NEW! Key New Content In this edition, key areas have been updated based on currency, relevancy, and feedback from reviewers. Throughout each chapter of the Eighth Edition, there has been a focus on increasing inclusivity, highlighting careers in science, and applying concepts and skills to solving societal challenges. New case studies have been added that are updated for more recent developments, relevancy, and alignment with chapter content: Ch. 1: “Do bumble bees play ball?”; Ch. 2: “How do rising CO2 levels affect our oceans?”; Ch. 22: “Is clover adapting to life in the city?”; Ch. 23: “Are butterfly populations in Hardy-Weinberg equilibrium?”; Ch. 26: “Does our gut microbiome affect our mental health?”; Ch. 48: “Can self-amplifying RNA vaccines thwart a pandemic?”; Ch. 53: “Are positive feedback loops positive?” Also, Chapter 20 has been reorganized, refocused, and updated to reflect new developments in these rapidly moving fields. As such, methods, with the exception of CRISPR-based genome editing, have been moved to the BioSkills chapter. This allows students to focus on biological insights gained from the biotechnologies rather than the methodologies, while still providing those methods in BioSkills for interested students and instructors. Land plants (Ch. 28) has been revised and now presents nonvascular plants as a monophyletic group, and the details of flowering plants have been condensed to reduce duplication with other chapters. In the evolution and ecology chapters, there is increased focus on relating content and skills to students’ lives, such as mental health and urban living, integrating molecular biology with evolution and ecology.




NEW! Enhanced Inclusivity and Belonging in Science




In the Eighth Edition, we leveraged insights from education research to be more inclusive in our use of terminology and context. Throughout the book, we made a point to:





	
                  Clearly define biological sex as separate from gender.

              

	
                  Avoid gendered and stereotypical terminology.

              

	
                  Remove anthropomorphic and gendered language in relationship to human reproduction.

              

	
                  Use neutral terms and person-first language.

              

	
                  Highlight diversity within and across species to show that variation is the norm.

              

	
                  Diversify the humans represented in the text.

              






NEW! Human Angle Included throughout the text, the new Human Angle feature is designed to help students: (1) feel a sense of belonging in the learning space, (2) build a science identity, (3) discover careers in biology, and (4) engage in the coursework. For example, students apply their learning on catabolic and anabolic reactions to Katherine Schwenger’s work on liver disease and obesity at the Toronto General Hospital (Ch. 8); students apply their learning about species concepts to Tiara Moore’s work with eDNA at the Nature Conservancy (Ch. 24); students apply their learning about osmoregulation to Pung-Pung Hwang’s research on the effects of climate change on fish physiology (Ch. 40); and students apply their learning about community ecology to the piglet microbiome “One Health” work of undergraduates Nora Corillo and Daniela Nieves at the US Department of Agriculture (Ch. 52).




NEW! Check Your Learning boxes with Reflect questions For many editions, “blue thread” questions that provide students with opportunities for practice have been a hallmark feature that makes this book unique. One to three tasks are presented that students should be able to complete in order to demonstrate a mastery of learning objectives. To emphasize that these tasks require higher-order cognitive skills, we have changed the name from Check Your Understanding (prior editions) to Check Your Learning. New to the Eighth Edition we have added tagged Reflect questions to help students learn and apply the skills of metacognition. The Reflect tag serves as a prompt to get students to reflect on the results of their learning and to modify their approach as needed.




NEW! Insider Tips videos A series of student-designed videos that share study strategies for success in the biology course were introduced in the digital update to the Seventh Edition. These brief videos, embedded in the eTextbook, provide tips for understanding terminology, retrieval practice, confronting misconceptions, drawing models, transferring knowledge, spacing study, cultivating a growth mindset, and other expert-student skills. New to the Eighth Edition is an Insider Tip video that guides students through the process of metacognition.




NEW! BioSkills on Metacognition Since the Third Edition, Biological Science has provided a unique, robust set of materials and activities to guide students who need extra help with the skills emphasized in the book. New to the Eighth Edition is BioSkills 19 on Reflecting on Thinking and Learning that introduces students to metacognition, providing support for the new Reflect questions in the Check Your Learning boxes.




NEW! Biology in Numbers videos New questions have been added that support the development of quantitative reasoning in a biological context. These Biology in Numbers questions, with supporting videos, are distinguished from the typical quantitative questions by requiring students to perform more than one mathematical calculation (often requiring students to track units) and address the scale of life and incite a feeling of awe upon completing the calculations. An example is provided in Chapter 9, where students are asked to calculate the number of glucose molecules that must be oxidized each second to maintain the proton gradient for each ATP synthase spinning at top speed.




NEW! Interactive Figure Walkthrough videos Five new figure walkthrough videos have been added to the 25 introduced in the Seventh Edition. This feature helps students unpack complex figures and cultivate better engagement with the text and other scientific sources. The new videos cover the process of experimental design (Chapters 5 and 12) as well as key concepts from the content covered in the text (Chapters 10, 11, and 23). Interactive figures are embedded in the Pearson eTextbook at the initial point of learning and included in assignable Mastering Biology activities to help students practice working with visuals.







        

      

    


      
        
          
Pearson eTextbook




The Pearson eTextbook is a simple-to-use, mobile-optimized, personalized reading experience. It allows students to easily highlight, take notes, listen to the textbook, and review vocabulary all in one place—even when offline. Students using the Pearson eTextbook will reap all the benefits of the new text features, while also benefitting from the following new and existing interactive features, which are integrated directly into the online text: 250 videos including Insider Tips, Interactive Figure Walkthroughs, Making Models, Biology in Numbers, and BioFlix.







        

      

    


      
        
          

MasteringTM Biology





NEW! Interactive and Assignable eTextbook Mastering provides students with a comprehensive learning experience so that all of their assignments, including reading, are integrated and auto-graded in one place. Instructors can choose to assign all or specific sections of a chapter along with curated reading questions and activities. With integrated reading and assessment, students will have a structure to support reading and studying so that they can fully engage in an active class.




Mastering Biology is the most powerful online homework, tutorial, and assessment system available. Tutorials follow the Socratic method, coaching students to the correct answer by offering feedback specific to a student’s errors or misconceptions as well as supplying hints that students can access if they get stuck. Instructors can associate content with publisher-provided learning outcomes or create their own. Highlights include the following:





	
                  Insider Tips Videos A series of student-designed videos that share study strategies for success in the biology course.

              

	
                  Interactive Figure Walkthrough Videos Thirty figures that students find challenging to interpret are now enhanced with brief videos that break down the art and provide explanatory narration to help students better understand key concepts and to develop critical thinking skills. The videos are in the eTextbook and included in assignable activities in Mastering Biology that allow students to apply what they’ve learned.

              

	
                  Making Models Activities Forty-six whiteboard videos bring the Making Models feature from the book to life to help students develop their visual modeling skills. The videos are in the Study Area and are also included in assignable activities that allow students to practice modeling and apply their understanding to new situations.

              

	
                  Biology in Numbers Activities Occurring in every unit, these activities with videos support the development of quantitative reasoning in a biological context, and they address the scale of life, inciting a feeling of awe upon completing the calculations.

              

	
                  Dynamic Study Modules Adaptive practice questions based on the core concepts of the text that work by continuously assessing performance and activity. Using student performance data, students receive personalized content in real-time to reinforce concepts that target each student’s particular strengths and weaknesses.

              

	
                  Study Skills Modules While students can struggle with course content, the lack of study skills may also be hindering their success. New Study Skills Modules in Mastering Biology help students become better learners through Strengthening Test Taking, Studying vs. Learning, Implementing Time Management, Using the Resources, Accountability, Reading and Taking Notes.

              

	
                  Case Study Questions Put It All Together case study questions from the end of each chapter are assignable in Mastering Biology.

              

	
                  Pearson Interactive Labs Engage students and teach them to think like scientists with online labs built around the process of science. The labs feature real-world scenarios with guided feedback so students can make and learn from their mistakes.

              

	
                  Data Modeling Activities Students often misinterpret static graphs and need to see for themselves how variable growth curves can be. Using simulations, students get the chance to make a prediction, manipulate variables, and examine the data.

              

	
                  Solve It Tutorials These activities allow students to act like scientists in simulated investigations. Each tutorial presents an interesting, real-world question that students will answer by analyzing and interpreting data.

              

	
                  Experimental Inquiry Tutorials The call to teach students about the process of science has never been louder. To support such teaching, there are 10 interactive tutorials on classic scientific experiments—ranging from Meselson—Stahl on DNA replication to the Grants’ work on Galápagos finches and Connell’s work on competition. Students who use these tutorials should be better prepared to think critically about experimental design and evaluate the wider implications of the data—preparing them to do the work of real scientists in the future.

              

	
                  BioFlix Animations and Tutorials BioFlix are movie-quality, 3-D animations that focus on the most difficult core topics and are accompanied by in-depth, online tutorials that provide hints and feedback to guide student learning. Eighteen BioFlix animations and tutorials tackle topics such as meiosis, mitosis, DNA replication, photosynthesis, homeostasis, and the carbon cycle.

              

	
                  HHMI BioInteractive Short Films Activities Documentary-quality movies from HHMI are available in Mastering Biology with assignable questions to make sure students understand key ideas.

              

	
                  Galápagos Evolution Video Activities These incredible videos, filmed on the Galápagos Islands by Peter and Rosemary Grant, bring to life the dynamic evolutionary processes that have an impact on Darwin’s finches on Daphne Major Island. Six videos explore important concepts and data from the Grants’ field research, and assignable activities keep students focused on the important take-home points.

              

	
                  End-of-Chapter Questions A broad range of end-of-chapter questions are available to assign in Mastering Biology.

              

	
                  Blue Thread Questions Over 500 questions based on the Blue Thread questions in the textbook are assignable in Mastering Biology and interactive in the eTextbook.

              

	
                  Big Picture Concept Map Tutorials An engaging concept mapping tool is the basis for highly interactive, challenging concept map activities based on the Big Picture figures in the textbook. Students build their own concept maps, which are automatically graded, and then answer questions to make sure they understand key ideas and make important connections.

              

	
                  BioSkills Activities Activities based on the BioSkills content in the textbook are assignable in Mastering Biology, including activities to support the new BioSkills.

              

	
                  Reading Quiz Questions Every chapter includes reading quiz questions that can be assigned to ensure students read the textbook and understand the basics. These quizzes are perfect as a pre-lecture assignment to get students into the content before class, allowing instructors to use class time more effectively.

              









        

      

    


      
        
          
Hallmark Features of the Text




While we are excited to introduce the new features of the Eighth Edition, we are committed to strengthening the hallmark features that make this book unique.





	
                  Road Maps Each chapter opens with a concept map that visually groups and organizes information to help students anticipate key ideas as well as recognize meaningful relationships and connections among ideas.

              

	
                  Big Picture Spreads While the Road Maps help students look forward as they engage with a chapter, Big Picture concept maps, typically found at the end of a unit, help students review content. Words and visuals are integrated to help students synthesize information about challenging topics that span multiple chapters or units. Related activities are available in Mastering Biology to help students work on higher-order problems while synthesizing key ideas.

              

	
                  BioSkills Instructors recognize that biology students need to develop foundational science skills in addition to content knowledge. Since the Third Edition, Biological Science has provided a unique, robust set of materials and activities to guide students who need extra help with the skills emphasized in the book. The BioSkills materials reside between Chapters 1 and 2 to emphasize their importance as a resource for success in doing biology, and to make it easier for students to access them throughout the course. The BioSkills are presented in five broad categories: Quantifying Biology, Using Common Lab Tools, Visualizing Biology, Reading Biology, and Monitoring Your Own Learning. BioSkills include practice questions, are cross-referenced throughout the text, and can be assigned online in Mastering Biology.

              

	
                  Opportunities for Practice “Blue Thread” questions, integrated throughout the text, are designed to help students identify what they do and do not understand. Students are encouraged to think like biologists and practice engaging with content at a higher level. The idea is that if students really understand a piece of information or a concept, they should be able to do something with it. As in the previous edition, all questions in the text are assigned a Bloom’s taxonomy level to help both students and instructors understand whether a question requires higher-order or lower-order cognitive skills. A substantial proportion of questions are higher order. In addition, skill-based question tags help students and instructors identify opportunities to practice key skills. Questions are tagged to indicate the following: Process of Science questions explore the application of the scientific process; Model questions ask students to interpret or construct visual models; Society questions explore the relationship between science and society; Quantitative questions help students perform quantitative analysis and use mathematical reasoning; and Think Carefully questions address topics that students often have common misconceptions about, and the answers to these questions include information that addresses the misconception.


	
                  In-text “You Should Be Able To” questions These questions focus on topics and concepts that professors and students have identified as most key or difficult in each chapter.

              

	
                  Caption questions and exercises Students are challenged to examine the information in a figure or table critically—not just absorb it.

              

	
                  Check Your Learning boxes One to three tasks are presented that students should be able to complete in order to demonstrate a mastery of learning objectives.

              

	
                  End-of-chapter questions Questions are organized in three levels: Test Your Knowledge, Test Your Understanding, and Test Your Problem-Solving Skills—so students can build from lower- to higher-order cognitive levels of assessment.

              



              

	
                  Integrative End-of-Unit Case Study Introduced in Chapter 1 and then revisited throughout the book, the end-of-unit case study “Mystery of the Newt” features a cliff-hanger tale of poisonous newts and resistant garter snakes. The unfolding story illustrates how biology concepts and the various subdisciplines of biology (genetics, evolution, physiology, ecology, etc.) are connected across multiple levels from molecules and cells to ecology and evolution. Each unit concludes with a two-page spread that focuses on contemporary biological elements and poses questions relevant to the unit and the case study. By highlighting the practice of science, we hope to encourage students to envision themselves as scientists. The end-of-unit case study is supported by instructional resources that include in-class clicker questions and activities and related Mastering™ Biology questions for pre- and post-class assignments to promote critical thinking and student engagement in the classroom.

              

	
                  Put It All Together Case Studies Case studies at the end of each chapter briefly introduce contemporary biology research in action, followed by questions that ask students to apply the chapter’s content and skills to the research topic. Instructor resources include clicker questions to give instructors the opportunity to use the case studies as discussion prompts in the classroom. An enduring feature of this text is its emphasis on experimental evidence—on teaching how we know what we know. The case studies expand this emphasis, requiring students to evaluate real data and to see how ongoing scientific research is related to core biological ideas.

              

	
                  Focus on Real Data Students now have expanded opportunities to develop skills in working with real data from the primary literature. Sources of the data presented in research boxes, graphs, end-of-chapter case studies, and the end-of-unit case studies are cited to model good practice for students and to provide a resource for students and instructors who wish to evaluate the original data more deeply.

              

	
                  Illustrated Summary Tables The art program is enhanced by illustrated summary tables that deliver content in a streamlined way and facilitate comparison and analysis by students. Photographic summary tables in Unit 5, for instance, illustrate the diversity of life. These tables make subject areas more accessible to visual learners and reinforce a chapter’s key concepts.

              









        

      

    


      
        
          
Instructor Resources





	
                  Instructor Resources This area of Mastering provides one-stop shopping for PowerPoint Lecture Presentations, all figures in JPEG and PPT format, Instructor Guide, Test Bank, and videos.

              

	
                  Expanded Assessment Matrix An assessment matrix for each chapter identifies for instructors how each question is related to learning objectives, Bloom’s level, common misconceptions, and Vision and Change core concepts and competencies. All in-text and test bank questions are integrated and tightly aligned to two levels of learning objectives: broader “big picture” objectives and more granular supporting objectives. We hope this tool will assist instructors in selecting the most appropriate assessment items to align with the goals of their course.

              









        

      

    


      
        
          
Serving a Community of Teachers




All members of the coauthor team are motivated by a deep commitment to students and to supporting the efforts of dedicated teachers. Our passion in life is doing and teaching biology. At various points along our diverse paths, we have been inspired by our own teachers when we were students, and now we are inspired by our colleagues as we strive to become even better teacher-scholars. In the tradition of all previous editions of Biological Science, we have tried to infuse this textbook with the spirit and practice of evidence-based teaching. We welcome your comments, suggestions, and questions.







        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
Content Highlights of the Eighth Edition




Chapter 1 Biology—The Study of Life Added an Insider Tip on becoming an expert learner by getting to know special features of the textbook. Added new content on what the term “uncertainty” means in science, in the context of climate change. New metacognition practice focuses on modeling the central dogma and is supported by the new BioSkills 19 and new Insider Tip on metacognition. Added a new Biology in Numbers question using scale bars to quantify cell size. Replaced the end-of-chapter case study to focus on bumble bees that play ball, featuring a new Human Angle about the researcher.




Chapter 2 Water and Carbon—The Chemical Basis of Life Introduced London dispersion forces involved in hydrophobic interactions and expanded description of hydrophobic interactions leading to increased entropy in aqueous solvents. Added a new Insider Tip on spaced learning to improve retention of content. Replaced end-of-chapter case study to focus on the effect of rising atmospheric carbon dioxide levels on coral reef systems.




Chapter 3 Protein Structure and Function The presentation of how protein folding is a spontaneous process was expanded to include how hydrophobic interactions between nonpolar amino acid residues increases entropy in the surrounding environment.




Chapter 4 Nucleic Acids and the RNA World Added a new Biology in Numbers question to quantify nucleic acid diversity.




Chapter 5 An Introduction to Carbohydrates Added a new Interactive Figure (Figure 5.7) that walks through the experiment used to show how carbohydrates contribute to cellular identity. Added a new Biology in Numbers question to quantify the amount of lactose in milk.




Chapter 6 Lipids, Membranes, and the First Cells Updated content on diffusion and osmosis to clarify the effect solute concentration plays on the net directional movement of solutes and solvent across membranes. Added a new Biology in Numbers feature to quantify the effect of the sodium-potassium ATPase on sodium transport across membranes. Added a new Insider Tip on how to best prepare for quizzes and exams by thinking like the instructor. Updated case study to include a new opening image and a new experiment that uses alternative data representation.




Chapter 7 Inside the Cell Expanded content on actin filament assembly to include the dynamic nature of the filaments. Added a new Biology in Numbers question to quantify the activity of the kinesin microtubule motor protein. Updated opening image for end-of-chapter case study.




Chapter 8 Energy and Enzymes—An Introduction to Metabolism Included important distinction in energy transfer during redox reactions involving oxygen. Added a new Insider Tip on interleaved practice to improve retention of content.




Chapter 9 Cellular Respiration and Fermentation Updated figures to clearly identify the location of pyruvate oxidation within mitochondria. Expanded description of oxygen serving as the terminal electron acceptor based on its high redox potential. Added a new Biology in Numbers feature to quantify the activity of the ATP synthase.




Chapter 10 Photosynthesis Added a new Insider Tip on how introducing changes can improve understanding of complex systems. A new Interactive Figure (Figure 10.16) was developed to walk through noncyclic electron flow from water to NADPH. Added a new Biology in Numbers question to quantify the number of photons required in the light reactions to synthesize a molecule of glucose from carbon dioxide. Updated end-of-chapter case study to include a new opening image.




Chapter 11 Cell—Cell Interactions Added a new Interactive Figure (Figure 11.16) to illustrate how enzyme-linked receptors use phosphorylation cascades to transduce signals for cellular responses.




Chapter 12 The Cell Cycle Included explanation for the use of gender-based terminology when describing the process of mitosis. Expanded description of microtubule dynamics and the process cytokinesis in animal cells to introduce the role of vesicle fusion in the midbody. Added a new Interactive Figure (Figure 12.10) that walks through the experiment used to show the correlation between cyclin synthesis and MPF activity. Updated cancer statistics in Figure 12.13 using 2023 data.




Chapter 13 Meiosis Two new topics are included in the chapter: A discussion of the wide diversity of modes of sexual reproduction, including the fact than some organisms have multiple sexes, not simply males and females, and coverage of the importance of errors and error rates in biological processes. New non-gendered terminology to describe chromosomes and sex cells is introduced. There are new Human Angle and Biology in Numbers features.




Chapter 14 Mendel and the Gene Non-gendered terminology is used throughout the chapter. There are new Human Angle and Biology in Numbers features.




Chapter 15 DNA and the Gene—Synthesis and Repair A new Making Models feature is included on tips for drawing leading and lagging strands during DNA synthesis. New material has been added on the link between defects in telomere maintenance and cancer. There are new Human Angle and Biology in Numbers features.




Chapter 16 How Genes Work There are new Human Angle and Biology in Numbers features.




Chapter 17 Transcription, RNA Processing, and Translation Updates made to transcription termination, the number of eukaryotic RNA polymerases, and protein structure/function relationships. There are new Human Angle and Biology in Numbers features.




Chapter 18 Control of Gene Expression in Bacteria Updates made to ecological roles of bacteria and to Test Your Understanding questions about global gene regulation. There are new Human Angle and Biology in Numbers features.




Chapter 19 Control of Gene Expression in Eukaryotes New and updated coverage, including figure updates, of chromatin structure, the relationship between chromatin structure and transcription initiation, the mechanism of transcription initiation, the role of epigenetics in cancer. There are new Human Angle and Biology in Numbers features.




Chapter 20 The Molecular Revolution—Biotechnology, Genomics, and New Frontiers Chapter has been reorganized and extensively updated with a focus on the biological insights gained from methods rather that the details of the techniques, with technical methods retained in BioSkills. Updates include recent developments in gene therapy, genetic engineering using CRISPR technology, genetically modified organisms, analysis of environmental DNA (eDNA), new insights into the human genome, including human genetic diversity and telomere-telomere genome coverage, and single cell analyzes that have provided new understanding of cell-to-cell and spatial differences in gene expression important in human health and disease. There are also new Human Angle and Biology in Numbers features.




Chapter 21 Genes, Development, and Evolution Updated coverage of stem cells, including a new figure, differentiation, and of the relationship between development and evolution. There are new Human Angle and Biology in Numbers features.




Chapter 22 Evolution by Natural Selection A new section is inclusive to students who experience a conflict between their religious beliefs and evolutionary theory. Edits for currency include updates to data on pesticide and herbicide resistance. New questions focus on the effect of climate change on beak depth in the Galápagos (Check Your Learning) and the “One Health” movement (end-of-chapter). A new end-of-chapter case study focuses on the evolution of clover in cities and features undergraduate researchers engaged in global research. The new Human Angle features population thinking. The new metacognition practice focuses on avoiding common misconceptions.




Chapter 23 Evolutionary Processes The Quantitative Methods 23.1 box now features a four o’clock flower case study (p=0.2, q=0.8) as a counterexample to the sea turtle introduction to Hardy-Weinberg Equilibrium (p=0.7; q=0.3). The MN blood group case study on the application of HWE is replaced with a case study of butterfly conservation genetics, including follow-up questions in subsequent sections. The bulk of sexual selection has moved to Chapter 50 (Section 50.3: Choosing Mates). Added an Interactive Figure (Figure 23.9) that walks through genetic drift. The captive steelhead trout gene flow case study is now formatted as a Research Box. The new Human Angle features the effects of climate change on lizard size. The new metacognition practice focuses on HWE calculations.




Chapter 24 Speciation Includes small edits and updates, such as the addition of a photo of tetraploid grapes to help students relate to polyploidy, an update to the Homo hybridization end-of-chapter case study, and a new Human Angle features species concepts. The new metacognition practice focuses on distinguishing surface features of assessment questions with underlying principles.




Chapter 25 Phylogenies and the History of Life The chapter opens with a focus on the sixth mass extinction caused by human impacts. A new section at the end of the chapter focuses on taking action to address the biodiversity and climate crises. The difference between a trait and character is clarified. The terms paraphyletic and polyphyletic are removed. Details on the statistical analysis of phylogenetic trees are reduced, but bioinformatics is introduced. The introduction to paleobiology is updated, including a revision of Table 25.4 to focus on types of information gleaned from fossils. Added a new Biology in Numbers question and two new Human Angle features. The new metacognition practice focuses on interpreting phylogenetic trees.




Chapter 26 Bacteria and Archaea Discussion of microbial communities is enhanced, including an increased emphasis on the relationship between gut microbiomes and mental health. The new Human Angle feature and end-of-chapter Case Study explore experimental evidence connecting gut microbiomes and depression. The new Biology in Numbers feature compares population density of a group of Archaea with people living in New York city.




Chapter 27 Diversification of Eukaryotes Organisms considered “protists” are still the primary focus of this chapter. The new Human Angle feature explores the relationship between climate change and massive, recurring toxic algal blooms in the Arctic regions. The new Biology in Numbers feature enhances data analysis skills by examining consumption of bioluminescent dinoflagellates by copepods.




Chapter 28 Green Algae and Land Plants The phylogeny of land plants has been revised and now presents nonvascular plants as a monophyletic group. An increased emphasis is placed on the reduction of gametophytes and production of more spores per sporophyte as trends during land plant evolution. A new figure emphasizes the reduction of gametophytes. The details of flowering plants have been condensed to reduce duplication with other chapters. The new Human Angle feature explores spore dispersal in sphagnum moss.




Chapter 29 Fungi The phylogeny of fungi has been revised to reflect recent research. The new Human Angle feature explores the effectiveness of spore dispersal at different times of day in a wheat pathogen. The new Biology in Numbers feature explores spore release in mushrooms.




Chapter 30 An Introduction to Animals New chapter opener focuses on Aequorea victoria and the societal importance of green fluorescent protein (GFP). The research box on bilateral symmetry is updated with new data that utilizes GFP. The new metacognition practice focuses on drawing a phylogenetic tree of model organisms and humans. The term ovovivipary is replaced with vivipary (nourished by egg yolk). New question on evolution of sensory function in urban environments. Added two new Human Angle features.




Chapter 31 Protostome Animals New chapter opener focuses on the pollination services provided by beetles and other insects. A new section focuses on the coevolution of insects and plants on land, including a new figure showing the species interaction between milkweed and butterflies. The biological (versus cultural) meaning of hermaphrodite is clarified. A new photo of octopus dexterity replaces jet propulsion. The Human Angle features the study of an octopus model organism to understand intelligence. Two new SOCIETY questions focus on model organisms and insect conservation. New metacognition practice focuses on comparing protostomes.




Chapter 32 Deuterostome Animals New chapter opener on societal benefits of comparative genomics of vertebrates and of deuterostome conservation. New IUCN data on threat status of major groups of vertebrates, including conservation notes added to vertebrate Diversity Tables. Added a new Biology in Numbers question to quantify biomass of wild mammals. Lungs are removed from the walk-through of vertebrate evolution. Hypotheses on the origin of amniotic eggs are updated. The human evolution section is updated, including a new phylogenetic tree of hominins and updated model of the Out-of-Africa diaspora, showing a metapopulation structure to early origins of Homo sapiens in Africa. The Human Angle features bird diversity. New metacognition practice focuses on students identifying animals in their daily lives.




Chapter 33 Viruses Updates for currency, including expanded content on the COVID-19 pandemic, monkey pox (mpox), and a new example of a ssDNA virus (Canine parvovirus type 2) in Summary Table 33.2, since current work suggests densovirus is not the cause of sea star wasting disease. A new Human Angle feature focuses on the discovery of the omicron variant of COVID-19. New metacognition practice focuses on comparing and contrasting the lytic and lysogenic pathways.




Chapter 34 Plant Form and Function The connection between indeterminate growth and apical meristems is emphasized very early in the chapter. The new Biology in Numbers feature explores the relationship between leaf arrangement and the Fibonacci series. A revised figure illustrates the primary structure of roots. The differentiation of xylem and phloem from vascular cambia is emphasized with a new figure. The new Human Angle feature explores how dendrochronology can be used to study past environmental events. The Insider Tips feature explores active recall of information to help increase retention.




Chapter 35 Water and Sugar Transport in Plants The new Biology in Numbers feature explores stomatal density in oak leaves. The pressure-flow-hypothesis includes recent research indicating that sugar may not be required for phloem sap transport. The new Human Angle feature explores the challenges of studying phloem physiology.




Chapter 36 Plant Nutrition The new Biology in Numbers feature explores the symbiotic relationship between Rhizobium and leguminous plants. The new Human Angle feature explores how scent and visual cues help carnivorous pitcher plants attract insects.




Chapter 37 Plant Sensory Systems A new Research Box figure and the new Human Angle feature explore recent studies on the ability of plants to use sound as a way of locating potential sources of water. An increased emphasis is placed on constitutive defenses. Key terms are added to help students navigate updated content.




Chapter 38 Plant Reproduction and Development The new Human Angle feature explores recent research indicating that some types of flowers increase nectar production in response to the sound of bees. A revised figure emphasizes the developmental relationship between flowers and fruits. The Insider Tips feature explores the use of a simplified alternation of generations model to help understand the life cycle of flowering plants.




Chapter 39 Animal Form and Function The study on reproduction and immune function in crickets has been edited for clarity. A new Biology-Numbers exercise helps students learn how the surface-area-to-volume ratio is impacted by animal body size. A new Human Angle spotlight features studies on how animals adapt to human-altered landscapes.




Chapter 40 Animal Water and Electrolyte Balance An exercise on transport mechanisms was updated so that it asks students to use models, reflection, and metacognition to compare and contrast simple diffusion, facilitated diffusion, primary active transport, and secondary active transport. A new Human Angle spotlight features topics in fish osmoregulation, including mechanisms of ion transport in the gills.




Chapter 41 Animal Nutrition A new Human Angle spotlight features a laboratory studying many topics on how structure relates to function in fishes. A new question featuring Dwayne “The Rock” Johnson asks students to consider the problems associated with using the body mass index (BMI) to assess obesity in any given person, rather than in its intended use in groups and populations.




Chapter 42 Animal Gas Exchange and Circulation Figure 42.21 showing how the circulatory anatomy of alligators allows them to digest bone was updated for clarity. A new Human Angle spotlights the scientist who led the study investigating alligator hearts and digestion, and also developed curricula to help students who are visually impaired learn about biology.




Chapter 43 Animal Nervous Systems Language was updated in several instances to better reflect principles of diversity, equity, and inclusion. A new image is featured to show how optogenetics works, and a new Human Angle spotlight features the use of wireless optogenetic technology to study the neural basis for social behaviors in rodents.




Chapter 44 Animal Sensory Systems An exercise asking students to predict the type of vision loss that would result in several scenarios was updated to urge students to reflect on possible misconceptions as they work on their answers. A new Human Angle spotlight features how humans with low vision use echolocation to navigate.




Chapter 45 Animal Movement A question asking students to predict the effect of drugs on muscle function with certain actions was updated to request students to reflect on mechanisms of muscle contraction and on possible misconceptions as they work. Figure 45.12 on endoskeletons was updated to better highlight the diversity of athletes and people in general. A new Human Angle spotlight features a robotics professor who is known for helping develop soft robots, which have flexible parts that act like muscle, tendons, and other tissues to emulate animal movement.




Chapter 46 Animal Chemical Communication Language was added to clarify the definitions of several terms, including sex and intersex. The term “sex hormones” was replaced with “gonadal hormones” and a statement was added explaining that these hormones impact many systems besides reproduction. A question asking students to predict what would happen to a cell’s response to a hormone if an individual had mutations that changed the DNA sequence of its hormone-response element was updated to ask students to model the outcomes and to reflect on how their intuition impacted the process. A new Human Angle spotlight features the scientist who developed the radioimmunoassay, a feat which earned them the Nobel Prize in Medicine.




Chapter 47 Animal Reproduction and Development This chapter underwent a major overhaul to better represent the diversity of reproductive strategies observed in animals, including humans, and to update language in accordance with best practices in diversity, equity, and inclusion. Language was added to clarify the definitions of several terms, including sex, gender, intersex, hermaphrodite, male, female, ovaries, testes, condoms, childbirth, and other associated terms. Gendered terms (e.g., mother, father, woman, man, girl, boy, and ballerina) were replaced with ungendered terms. Information was rearranged to explore female systems before male systems. A new Human Angle spotlight features the study of the evolution of genitals in vertebrates.




Chapter 48 The Immune System in Animals A new Human Angle features a researcher who led the team that developed the Moderna mRNA vaccine against SARS-CoV-2. New metacognition practice focuses on understanding the difference between primary and secondary immune responses. A new end-of-chapter case study focuses on the potential for self-amplifying RNA-based vaccines to thwart emerging pathogens.




Chapter 49 An Introduction to Ecology The introduction acknowledges the deep ecological knowledge of indigenous peoples. Added a new photo of fishing for invasive lionfish. The Human Angle features conservation policy and levels of ecology. New metacognition practice focuses on differentiating past and present abiotic and biotic factors.




Chapter 50 Behavioral Ecology Increased focus of behavioral ecology in context of conservation and human impacts such as traffic sounds, urban lights, and climate change, including new SOCIETY questions. Completely revised Section 50.3 (Choosing Mates), including a new Table 50.1 focusing on sources of variation in mating systems and a modernized view of sexual selection including an introduction to social selection. Other modernization of language such as removing reference to “deceitful” communication. The Human Angle features variation in mating behaviors. New metacognition practice focuses on proximate and ultimate causes of flower choice by bee pollinators.




Chapter 51 Population Ecology Increased focus on application of population ecology such as a new chapter-opening photo on sustainable management of salmon fisheries, discussion of effects of climate change on longfin squid life history, and the importance of wildlife corridors for protecting metapopulations. Molecular genetics added as a tool that assists with sampling populations. New question helps students distinguish tags used for mark recapture compared to tags used to document behavioral range and migration patterns. Data in human population section and in the invasive python end-of-chapter case study is updated. The Human Angle features sustainable management of longfin squid populations. New metacognition practice focuses on comparing exponential and logistic growth.




Chapter 52 Community Ecology Increased focus on resilience and solutions, such as new questions on conservation and human microbiome function. The species interactions section (52.1) is streamlined: for example, the barnacle competition case study is deleted and replaced with a shorter case study on bee pollinators; the constitutive versus inducible defense section is shortened; the diagram of generalists versus specialists pollinators is simplified. The Making Models box is revised to clarify student misconceptions about the shape of niche models. Clements-Gleason dichotomy section is replaced with case study and new research box on the measurement of community structure of coral reefs. Human Angle features microbiome communities of piglets. New metacognitive practice focuses on misconceptions about species interactions as agents of selection.




Chapter 53 Ecosystems and Global Ecology Section on flow of energy in food webs is reframed in terms of student doing summer project in urban park. New photo highlights ecosystem logic behind insects as sustainable food choice. Amazon soil photo is replaced with satellite image of soil washing into the Chesapeake Bay. Hubbard Brook nutrient export case study is replaced with new case study and research box on the evolution of Amazonian birds due to climate change. New section “Solutions to Support Ecosystem Function and Ecosystem Services” is added. Updates made to currency throughout, such as for carbon emissions data and temperature projections. The Human Angle features measurement of NPP in urban Baltimore. New metacognitive practice focuses on the relationship between greenhouse gasses and climate change.




Chapter 54 Biodiversity and Conservation Increased focus on solutions and engagement, such as new chapter opening photo on the benefits of nature experiences to the mental health of college students, and revised introduction. Increased representation of diversity in text and photos, and new society question on the social injustice of neighborhood tree distribution. New figure featuring the collection of eDNA in a mangrove swamp to measure shark diversity. Updated data throughout, such as most recent IUCN numbers of threatened species; comparison of threats in freshwater, terrestrial, and marine habitats, deforestation of the Amazon, and new maps of land use. Added a new Biology in Numbers and Human Angle features. New metacognitive practice focuses on measures of biodiversity.
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Chapter 1


Biology: The Study of Life








          
          
              
                        [image: A flowchart depicts the key themes to structure your thinking about biology.] 
              

          

          

          
                          The flowchart in this chapter shows that you will learn about key themes to structure your thinking about biology, starting with, What does it mean to say that something is alive, in section 1.1.


	First. Life is cellular and replicates through cell division, section 1.2.

	Second. Life processes information and requires energy, section 1.3.

	And third. Life evolves, section 1.4.

	Which predicts, The tree of life, section 1.5.



And including, the process of doing biology, section 1.6.
      
    
          

        






Learning Objectives




	
1.1Explain what it means to say that an organism is "alive."



	
1.2Explain what organisms are made of and how cells come to be.



	
1.3Explain how organisms process hereditary information and acquire and use energy.



	
1.4Explain the relationships between species and how evolution occurs.



	
1.5Describe the significance of the tree of life.



	
1.6Explain the scientific process.
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This chapter is part of the Big Picture. Explore Big Picture: Doing Biology.






In essence, biological science is the study of life. It searches for ideas and observations that unify our understanding of the diversity of life—from bacteria living in hot springs to humans and majestic sequoia trees.


The goals of this chapter are to introduce the nature of life and explore how biologists go about studying it. In this chapter, you will also encounter themes that will resonate throughout your study of biology:



	
                  Analyzing how organisms work at the molecular level.

              

	
                  Understanding organisms in terms of their evolutionary history.

              

	
                  Helping you learn to think like a biologist.

              




Let’s begin with what may be the most fundamental question of all: What is life?








        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          1.1 What Does It Mean to Say that Something Is Alive?







Learning Objective



	
                  1.1Explain what it means to say that an organism is “alive.”

              









An 
organism is a life-form—a living entity made up of one or more cells. Although there is no simple definition of life that is endorsed by all biologists, most agree that organisms share a suite of five fundamental characteristics. You can think of this text as one long exploration of these five traits.



	
                  
Cells Organisms consist of membrane-bound units called 
cells. The membrane of a cell regulates the passage of materials between exterior and interior spaces.

              

	
                  
Replication One of the great biologists of the twentieth century, François Jacob, said that the “dream of a bacterium is to become two bacteria.” Almost everything an organism does contributes to one goal: replicating itself.

              

	
                  Information Organisms process hereditary, or genetic, information encoded in units called 
genes. Organisms also respond to information from the environment and adjust to maintain stable internal conditions. Right now, cells throughout your body are using information stored in your genes to make the substances, or 
molecules, that keep you alive; your eyes and brain are decoding information on this page that will help you learn some biology, and if your room is too hot you might be sweating to cool off.

              

	
                  
Energy To stay alive and reproduce, organisms have to acquire and use energy. To give just two examples: plants absorb sunlight; animals ingest food.

              

	
                  
Evolution Organisms are the products of evolution, and their populations continue to evolve today.

              




Three of the greatest unifying ideas in all of science, which depend on the five characteristics just listed, laid the groundwork for modern biology: (1) the cell theory, (2) the chromosome theory of inheritance, and (3) the theory of evolution. Formally, scientists define a 
theory as an explanation for a very broad class of observed phenomena that is supported by a wide body of evidence. Note that this definition contrasts sharply with the everyday usage of the word “theory,” which often carries meanings such as “speculation” or “guess.”


The cell theory, the chromosome theory of inheritance, and the theory of evolution address fundamental questions: What are organisms made of, and where do they come from? How is hereditary information transmitted from one generation to the next? How are organisms related to one another?


When these theories emerged in the mid-1800s, they revolutionized the way biologists think about the world. None of these insights came easily, however. The cell theory, for example, emerged after some 200 years of work. Let’s examine some of the pivotal discoveries made along the way, starting with the first observation of cells by microscopy.








Check Your Learning



	Determine whether the virus that causes COVID-19 is alive, based on the following information: The COVID-19 virus is not made of cells and depends on your cells for replication and information processing.



	
apply Because viruses are not cells, they are not considered organisms. Most biologists agree that viruses are not even alive, because they depend on their host cell for replication and information processing, which are two additional characteristics of life.






	
MODEL Diagram the relationship between the three unifying theories of biology and the five characteristics of life.



	
analyze Your diagram can be in the form of a table or a flowchart, and it should show that the three unifying theories depend on various combinations of the five characteristics of life, e.g.: (1) The cell theory—cells, replication, energy; (2) The chromosome theory of replication—replication, information, energy; (3) The theory of evolution—evolution.
















        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          1.2 Life Is Cellular and Replicates through Cell Division







Learning Objective



	
1.2Explain what organisms are made of and how cells come to be.










In 1665, the English scientist Robert Hooke devised a crude microscope to examine the structure of cork (a bark tissue) from an oak tree. The instrument magnified objects to just 30×(30 times) their normal size, but it allowed Hooke to see something extraordinary. In the cork he observed small, empty-looking compartments that were invisible to the naked eye (Figure 1.1a). Hooke coined the term “cells” for these structures because he thought they resembled the cells inhabited by monks in a monastery.



          
          
                Figure 1.1
                What Hooke and van Leeuwenhoek Saw through Their Microscopes.
              

            
          
              
                        [image: A two-part figure shows a micrograph and an illustration shows what Robert Hooke and Anton van Leeuwenhoek saw through their microscopes.] 
              

          

          

          
                          Part (a). Cork tissue (actually dead "cells"). The micrograph shows a thin slice of cork tissue with masses of cells that resemble little boxes that are connected to each other on all sides.
 Part (b). "Animalcules" (actually single-celled organisms). The illustration shows three single-celled organisms, or animalcules, found in samples of pond water. These organisms are so tiny that they are invisible to the naked eye. The first animalcule has a multi-ring body that resembles a caterpillar. Two antenna-like structures resemble flowers that connect to the first segment of the head. The second animalcule resembles the shape of a bird with four appendages that resemble leafless branches that protrude from the head. The third animalcule resembles a mermaid shape minus the arms. The head is round with two appendages that resemble broom-like structures.
      
    
          

        

Soon after Hooke published his results, the Dutch scientist Anton van Leeuwenhoek developed much more powerful microscopes, some capable of magnifications up to 300× (Figure 1.1b). With these instruments, van Leeuwenhoek inspected samples of pond water and made the first observations of a dazzling collection of single-celled organisms that he called “animalcules.”


In the 1670s an Italian researcher who was studying the leaves and stems of plants with a microscope concluded that plant tissues were composed of many individual cells. By the early 1800s, enough data had accumulated for a German biologist to claim that all organisms consist of cells. Did this claim hold up?







        

      

    


      
        
          
All Organisms Are Made of Cells




Advances in microscopy have made it possible to examine the amazing diversity and complexity of cells at higher and higher magnifications. Microscopes tens of thousands of times more powerful than van Leeuwenhoek’s have revealed that cells are highly organized compartments separated from their environment by a membrane barrier. With these instruments, biologists have described over a million new species. The basic conclusion made in the 1800s remains intact: All organisms are made of cells.




The smallest organisms known today are bacteria that are barely 200 nanometers wide, or 200 billionths of a meter. It would take 5000 of these organisms lined up side by side to span a millimeter. This is the distance between the smallest hash marks on a metric ruler. In contrast, sequoia trees can be over 100 meters (100 m) tall, the equivalent of a 20-story office building. Bacteria and sequoias are composed of the same fundamental building block, however—the cell. Bacteria consist of a single cell; sequoias are made up of trillions of cells. (See BioSkills 1 to review the metric system.1)﻿




The realization that all organisms consist of cells was fundamentally important, but it formed only the first part of the cell theory. Besides understanding what organisms are made of, scientists wanted to understand how cells come to be.







        

      

    


      
        
          
Where Do Cells Come From?


In 1858, a German scientist named Rudolph Virchow proposed that all cells arise from cells already in existence. The complete 
cell theory builds on this concept: All organisms are made of cells, and all cells come from preexisting cells.


Two Hypotheses


The cell theory directly challenged the idea of spontaneous generation—the prevailing explanation of where cells come from. In the mid-1800s, most biologists believed that organisms could arise spontaneously under certain conditions. The bacteria and fungi that spoil foods such as milk and wine were thought to appear in these nutrient-rich media of their own accord—springing to life from nonliving materials. In contrast, the cell theory maintained that cells do not arise spontaneously but are produced only when preexisting cells grow and divide. The all-cells-from-cells explanation was a 
hypothesis: a testable statement to explain a set of observations. Spontaneous generation was an alternative hypothesis to explain the same phenomenon.


Biologists typically use the word “theory” to refer to proposed explanations for broad patterns in nature and “hypothesis” when referring to explanations for more tightly focused questions. A theory serves as a framework for developing new hypotheses.


An Experiment to Settle the Question


In 1862, soon after Virchow’s all-cells-from-cells hypothesis appeared in print, a French scientist named Louis Pasteur set out to test its predictions in an 
experiment. Experiments are a powerful scientific tool because they allow researchers to test the effect of a single, well-defined factor on a particular phenomenon. An experimental 
prediction describes a measurable or observable result that must be correct if a hypothesis is valid.


Pasteur wanted to determine whether organisms could arise spontaneously in a nutrient broth or whether they appear only when a broth is exposed to a source of preexisting cells. To address the question, he created two treatment groups that were identical in every respect but one: the factor being tested—in this case, a broth’s exposure to preexisting cells.


Both treatments used glass flasks filled with the same amount of the same nutrient broth (Figure 1.2). Both flasks were boiled for the same amount of time to kill any existing organisms. After sterilization by boiling, however, any bacteria and fungi clinging to dust particles in the air could drop into the broth in the flask shown in Figure 1.2a because the neck of this flask was straight.








          
          
                Figure 1.2
                The Spontaneous Generation and All-Cells-from-Cells Hypotheses Were Tested Experimentally.
              

            
          
              
                        [image: A two-part figure depicting two illustrations shows Pasteur’s experiment with different flasks. Both treatments use glass flasks filled with the same amount of the same nutrient broth.] 
              

          

          

          
                          Part (a). The illustration shows Pasteur’s experiment using a straight-necked flask. The steps of the experiment are as follows.


	Place nutrient broth in a straight-necked flask that resembles an upside-down lightbulb. The broth fills the round portion of the flask. There are red dots within the broth that represent the cells.

	Boil to sterilize the flask, killing any living cells that were in the broth. The multiple bubbles that disperse through the broth and up through the neck of the flask represent the broth as it boils. The red cells are no longer present in the broth labeled No cells.

	Preexisting cells enter flask from air. Red dots that represent the cells enter the flask from the narrow opening and travel to the broth through the straight neck.

	Cells appear in flask. There are red dots within the broth that represent the cells.



Part (b). The illustration shows Pasteur’s experiment with a swan-necked flask. The steps of the experiment are as follows.


	Place nutrient broth in a swan-necked flask that resembles an upside-down lightbulb with an S-curved hose. The broth fills the round portion of the flask. There are red dots within the broth that represent the cells.

	Boil to sterilize the flask, killing any living cells that were in the broth. The multiple bubbles that disperse through the broth and up through the neck of the flask represent the broth as it boils. Condensation settles in the neck. The red cells are no longer present in the broth.

	Preexisting cells from air are trapped in the swan neck. Red dots that represent the cells enter the flask from the opening and travel to the curve of the neck.

	No cells appear in the flask. There are red dots within the curve of the neck that represent the cells.


      
    
          

        






PROCESS OF SCIENCE



What problem would arise in interpreting these results if Pasteur had (1) put different types of broth in the two treatments, or (2) used a ceramic flask for one treatment and a glass flask for the other?

	
analyze﻿ If Pasteur had done either of the things listed, he would have had more than one variable in his experiment. Critics then could claim that he got different results because of the differences in broth types or flask types, and not the difference in exposure to preexisting cells. The results would not be definitive.













In contrast, in the flask with a long swan neck (Figure 1.2b), water would condense in the crook of the swan neck after boiling and this pool of water would trap any bacteria or fungi that entered on dust particles. Thus, the contents of the swan-necked flask were isolated from any source of preexisting cells even though they were still open to the air. The spontaneous generation hypothesis predicted that cells would appear in both treatment groups. The all-cells-from-cells hypothesis predicted that cells would appear only in the treatment exposed to a source of preexisting cells.


And Pasteur’s results? The broth in the straight-necked flask exposed to preexisting cells quickly filled with bacteria and fungi. This observation was important because it showed that the sterilization step had not altered the nutrient broth’s capacity to support growth. The broth in the swan-necked flask remained sterile, however. Even when the flask was left standing for months, no organisms appeared in it. This result was inconsistent with the hypothesis of spontaneous generation.


Because Pasteur’s data were so conclusive—meaning that there was no other reasonable explanation for them—the results persuaded most biologists that the all-cells-from-cells hypothesis was correct. But if all cells come from existing cells, where did the first cells come from? Biologists now have evidence that life arose from nonlife early in Earth’s history, through a process called 
chemical evolution (Ch. 2, Section 2.4).







        

      

    


      
        
          
Life Replicates through Cell Division


For life on Earth to continue to exist, cells must replicate. Most cells are capable of reproducing by dividing—in effect, by making a copy of themselves. As predicted by the cell theory, all the cells present in your body and in most other multicellular individuals are descended from preexisting cells, tracing back to a fertilized egg. A fertilized egg is a cell created by the fusion of sperm and egg—cells that formed in individuals of the previous generation.


New cells arise when preexisting cells split. In multicellular organisms they become specialized for particular functions by intricate processes. In this way the cells in a multicellular organism may differ, but they are all connected by a common lineage.


But how is the information for making diverse organisms, such as bacteria or sequoias, stored and transmitted from one generation to the next? The second unifying idea—the chromosome theory of inheritance proposed by Walter Sutton and Theodor Boveri in 1902—provided the foundation for biologists to answer this question.








Check Your Learning



	Discuss whether the cell theory states that all cells in a multicellular organism are identical.



	
understand The cell theory states only that all organisms are made of cells, and all cells come from preexisting cells. In multicellular organisms, the cells are not all identical because they can become specialized for particular functions. 






	
MODEL Diagram how life replicates (use a circle to represent a cell).



	
analyze Your diagram should start with one circle (one cell) and use two arrows to show it dividing to result in two circles (two cells), and so on.










        

      

    

              
                
                  
                  
      
        
          1 BioSkills are located after Chapter 1. They focus on general skills that you’ll use throughout this course. More than a few students have found them to be a lifesaver. Please use them!






        

      

    



                  

                

              


          
            
      
        
          1.3 Life Processes Information and Requires Energy







Learning Objective



	
1.3Explain how organisms process hereditary information and acquire and use energy.










After Sutton and Boveri proposed the 
chromosome theory of inheritance, the pieces of the puzzle of life began to fall into place. The key point? Inside cells, hereditary or genetic information is encoded in units called genes that are located on chromosomes.


But it wasn’t until experiments were carried out in the 1950s that biologists figured out the molecular nature of the genetic material: A 
chromosome consists of a molecule of 
deoxyribonucleic acid, or DNA. To sum up, DNA is the hereditary material. Genes consist of specific segments of DNA that code for products in the cell.







        

      

    


      
        
          
The Central Dogma




In what is considered one of the greatest scientific breakthroughs of biology, in 1953 James Watson and Francis Crick proposed that DNA is a double-stranded helix (Figure 1.3). Crucial insights that led to this model came from structural analyses performed by Rosalind Franklin in Maurice Wilkins’ laboratory.





          
          
                Figure 1.3
                DNA Is a Double Helix.
              

            
          
              
                        [image: An illustration shows a D N A double helix.] 
              

          

          

          
                          The illustration shows the D N A double helix as two spiral chains or antiparallel strands. The shape resembles a spiral staircase. Multiple rectangle shapes connect complementarily from the top strand to the bottom strand in a formation that resembles the rungs of a ladder. The D N A backbones of the strands act as the sides of the ladder. The rectangle shapes represent the base pairs and are as follows from left to right: A T, C G, C G, T A, T A, C G, G C, T A, A T, G C, A T, C G, T A, G C, T A.
      
    
          

        



Each strand of the 
double helix is made up of varying sequences of four molecular building blocks, each containing a different kind of base (Ch. 4, Section 4.2). In terms of structure, on each strand of the double helix the building blocks of DNA are connected one to another linearly. In terms of function, they are like letters of the alphabet—the four different kinds of bases in the building blocks are symbolized by the letters A, T, C, and G. A sequence of this letter code is like the sequence of letters in a word—it has meaning. In this way DNA carries, or encodes, the information required for an organism’s growth and reproduction.




The two strands of the double helix are joined by interactions between pairs of bases. Base pairing occurs only between certain letters: A always pairs with T, and C always pairs with G (see Figure 1.3). The pairs are arranged much like the rungs on a ladder, with the backbones of strands acting as the sides of the ladder. Base pairing is key: it permits DNA to be copied and faithfully preserves the information encoded within the DNA.




How is the encoded information decoded and put to work? The central dogma—first articulated by Crick—describes the flow of information in cells. In this context, the term “dogma” means a framework for understanding. Put simply, DNA codes for RNA, which codes for proteins (Figure 1.4).





          
          
                Interactive Figure 1.4
                The Central Dogma Describes the Flow of Genetic Information.
              

            
          
              
                        [image: A schematic diagram depicting the Central Dogma describes the flow of genetic information.] Genetic information flows from DNA to RNA to proteins. Differences in proteins encoded by different DNA sequences may lead to different physical traits.

 
              

          

          

          
                          The diagram shows the flow of information in a cell. The process begins with the transcription of the double-stranded D N A in the nucleus of the cell. The D N A conveys information to Messenger R N A within the nucleus. The flow of genetic information continues to Messenger R N A outside the nucleus, and from there forms Protein via the translation of messenger RNA within the cytoplasm. Proteins determine physical traits. An adjacent photo shows the example of a red salamander.
      
    
          

        






Molecular machinery in cells makes a copy of a particular gene’s information in the form of a closely related molecule called 
ribonucleic acid, or RNA. RNA molecules carry out a number of specialized functions in cells. For example, molecular machinery reads a messenger RNA molecule to determine what molecular building blocks to use to make a 
protein. Proteins are crucial to most tasks required for a cell to exist, from forming structural components to promoting the chemical reactions that sustain life.





Understanding the structure of DNA also provided insight into how genetic information is passed on when cells replicate, or passed from one organism to its offspring. Making a copy of DNA in a cell is a highly accurate process, but mismatches in base pairing can occur. What happens when an exact copy is not made? Differences in DNA sequences may lead to differences in the sequence of the building blocks in proteins.




The implications are profound: The outward appearance of an organism is a product of the proteins produced by its molecular machinery, so differences in DNA sequences might lead to a difference, for example, in finch beak size and shape, or in the length of a giraffe’s neck. Changes in sequence lead to the heritable variations that underlie the diversity of life.







        

      

    


      
        
          
Life Requires Energy


The chemical reactions that sustain life in all its diversity take place inside cells. Transmitting genetic information, and the other work carried out by cells, requires energy. Organisms—whether single-celled or multicellular—are capable of living in a wide array of environments because they vary in cell structure and in how they acquire and use energy.


Organisms have two fundamental nutritional needs—chemical energy in the form of a molecule called ATP (or 
adenosine triphosphate) and molecules that can be used as building blocks for the synthesis of DNA, RNA, proteins, the cell membrane, and other large, complex compounds required by the cell. How organisms obtain these materials—whether by using energy in sunlight or from ingested chemical compounds—is central to the tremendous diversification of life.


Plants and some bacteria can produce sugar using energy from sunlight, and either use the sugar to make ATP or store it in other energy-rich molecules. When plants are eaten or decompose, their stored energy-rich molecules are obtained by animals, fungi, archaea, and other bacteria. The overall masters of meeting nutritional needs, however, are bacteria and archaea. Taken together, they can subsist on almost anything from ammonia to crude oil.


While bacteria and archaea can use a wide array of molecules absorbed from their environment as food, one of the most important stories in the diversification of life is in the novel methods different organisms have for securing food. For example, you use your teeth to chew food into pieces small enough to be swallowed, and butterflies drink nectar from flowers through straw-like mouthparts (Figure 1.5).



          
          
                Figure 1.5
                Organisms Acquire Energy in Diverse Ways.
              

            
          
              
                        [image: A photo shows a butterfly drinking nectar from a flower.] 
              

          

          

          
            
          

        

Recall that all the cells in a multicellular organism are connected by a common lineage. Is the tremendous diversity among organisms also related to common ancestry? The third great founding idea in biology, published the same year as the all-cells-from-cells hypothesis, provided an answer. This was the realization, arrived at independently by the English scientists Charles Darwin and Alfred Russel Wallace, that all diverse 
species—all distinct, identifiable types of organisms—are connected by common ancestry.








Check Your Learning



	
MODEL Use words and arrows to depict the central dogma and show where a gene would be located.



	
analyze ﻿DNA (gene) → RNA → protein.







	Explain the importance for a flamingo of being able to capture aquatic organisms floating in the water.



	
apply To stay alive, the flamingo requires energy. By feeding on aquatic organisms, it obtains molecules that can be used as building blocks for DNA, RNA, proteins, etc., and for making ATP.






REFLECT How did you do? Identify the approach(es) that were most helpful in forming your answer or that you plan to try next time (BioSkills 19)


	I kept my model simple; I am not expected to be an artist. (See BioSkills 12.)


	I looked up the definition of a gene. (See Section 1.3.)


	I used a figure of the central dogma from the chapter to help me. (See Figure 1.4.)


















        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          1.4 Life Evolves







Learning Objective



	
1.4Explain the relationships between species and how evolution occurs.









In 1858, short papers written separately by Darwin and Wallace were read to a small group of scientists attending a meeting of the Linnean Society of London. A year later, Darwin published a book that expanded on the idea summarized in those brief papers. The book was called On the Origin of Species. The first edition sold out in a day.






        

      

    


      
        
          
What Is Evolution?




Darwin and Wallace’s theory made two important claims concerning patterns that exist in the natural world.





	
                  Species are related by common ancestry (Figure 1.6). This idea contrasted with the prevailing view in science at the time, which was that species represent independent entities created separately by a divine being.

              

	
                  The characteristics of species can be modified from generation to generation. Darwin called this process descent with modification. This claim argued against the popular view at the time that species do not change.

              







          
          
                Figure 1.6
                Sketch of Lineage Tree from Darwin’s Notebook Dated 1837.
              

            
          
              
                        [image: The Sketch of Lineage Tree from Darwin’s Notebook dated 1837.] Below the sketch, Darwin wrote: “. . . Thus genera would be formed—bearing relation to ancient types.”

 
              

          

          

          
                          Darwin’s sketch of a lineage tree shows a tree-like diagram with multiple branches that protrude from a central vertical stem that shows a label of one in a circle. Labels appear on the branches as follows, D near the upper left, B near the upper center, C near the upper right, and A near the lower right. The text, on the sketch shows at the top, I think. The first note on the side states the case must be that one generation then should be as many living as now. The second note follows and states, To do this and to have many species in same genus, as is, requires extinction. The text below the sketch of the lineage tree states, Thus between A and B, immense gap of relation. C and B, the finest gradation, B and D rather greater distinction. Thus, genera would be formed, bearing relation to ancient types.
      
    
          

        




Evolution is a change in the characteristics of a population over time. A 
population is defined as a group of individuals of the same species living in the same area at the same time. To put it another way, species are related to one another and can change through time.







        

      

    


      
        
          
What Is Natural Selection?


Several other scientists had already come to the same conclusions as Darwin and Wallace about the relationships between species. The great insight by Darwin and Wallace was in proposing a process, called 
natural selection, that explained how evolution occurs.


Two Conditions of Natural Selection


Natural selection occurs whenever two conditions are met.



	
                  Individuals within a population vary in characteristics that are 
heritable—meaning, traits that can be passed on to offspring.

              

	
                  In a particular environment, certain versions of these heritable traits help individuals survive better and reproduce more than do other versions.

              




If certain heritable traits lead to increased success in producing offspring, then those traits become more common in the population over time. In this way, the population’s characteristics change as a result of natural selection acting on individuals. This is a key insight: Natural selection acts on individuals, but evolutionary change occurs in populations.


Groups of individuals within a species can change through time in response to natural selection. But biologists have also observed and documented dozens of cases in which natural selection has caused populations of one species to diverge and form new species. This divergence process is called 
speciation.


Research on speciation has two important implications: All species come from preexisting species, and all species, past and present, trace their ancestry back to a single common ancestor.


Fitness and Adaptation


Darwin also introduced some new terminology to identify what happens during natural selection.



	
                  In everyday English, “fitness” means “health and well-being.” But in biology, 
fitness means “an individual’s ability to produce viable offspring relative to that ability in other individuals in the population.” Individuals with high fitness produce many surviving offspring.

              

	
                  In everyday English, “adaptation” means that an individual is adjusting and changing to function in new circumstances. But in biology, an 
adaptation is a heritable trait that increases the fitness of an individual in a particular environment relative to individuals lacking that trait.

              




Darwin and Wallace’s ideas arose from their observations of nature. For example, in finches from the Galápagos Islands Darwin noted the remarkable variation in beak size and shape in species that otherwise appeared similar. He proposed that the birds on different islands in the chain were similar because they descended from a common ancestor—the finch populations that colonized different islands had changed through time and formed new species with distinct beaks.


Long-term observational studies by biologists beginning in the 1970s have recorded dramatic changes in a population of finches on one of the Galápagos Islands. (You will learn more about this study in Ch. 22, Section 22.4.) When small, soft seeds were abundant due to increased rainfall on the island, finches with small, pointed beaks produced more offspring and had higher fitness than individuals with large, deep beaks. In this population and with this food source, a small, pointed beak was an adaptation that allowed certain individuals to thrive, and the incidence of finches with such beaks increased in the population.


Note that during this process, the beak shape of any individual finch did not change within its lifetime—the change occurred in the characteristics of the population over time. Darwin’s finches continue to evolve today in response to changes in the environment.








Check Your Learning



	Discuss this statement: “Various species of Galápagos finches are adapted to their particular habitats.”



	
understand Over time, traits such as a beak shaped to retrieve a certain food type that is especially abundant in a particular habitat will become increasingly frequent in the population.











        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          1.5 The “Tree of Life” Depicts Evolutionary History







Learning Objective



	
1.5Describe the significance of the tree of life.









The theory of evolution by natural selection predicts that biologists should be able to construct a 
tree of life—a family tree of organisms. If life on Earth arose just once, then such a diagram would describe the genealogical relationships between species with a single, ancestral species at its base. Has this task been accomplished? If the tree of life exists, what does it look like?






        

      

    


      
        
          
Using Genetic Sequences to Understand the Tree of Life


One of the great breakthroughs in research on the tree of life occurred when American biologist Carl Woese (pronounced woze) and colleagues began analyzing the molecular components of organisms as a way to understand their evolutionary relationships. Their goal was to understand the 
phylogeny of all organisms—their actual genealogical relationships. Translated literally, “phylogeny” means “tribe-source.”


To understand which organisms are closely versus distantly related, Woese and co-workers needed to study a molecule found in all organisms. They selected a particular RNA molecule, one that codes for an essential part of the machinery that all cells use to grow and reproduce. The researchers based their initial work on the sequence of building blocks observed in this RNA molecule. At that time it was not possible to easily analyze DNA sequences. With advances in technology, biologists now use DNA sequences to investigate phylogenetic relationships.


Analyzing Genetic Variation


Why might DNA (or RNA) be useful for understanding the relationships between organisms? Because the sequence of building blocks in DNA is a trait that can change during the course of evolution. Although a gene may code for an RNA or protein molecule that performs the same function in all organisms, the corresponding DNA sequence is not identical among species.


How is such genetic variation analyzed? Recall that the building blocks in DNA are symbolized by the letters A, T, C, and G (see Section 1.3). Biologists use this letter code to describe DNA sequences (Making Models 1.1). In land plants, for example, a section of DNA might start with the sequence A-T-A-T-C-G-A-G. In green algae, which are closely related to land plants, the same section of the molecule might contain A-T-A-T-G-G-A-G. But in brown algae, which are not closely related to green algae or to land plants, the same part of the molecule might consist of A-A-A-T-G-G-A-C.








Making Models 1.1: Tips on Drawing DNA Sequences



In models focused on the information content in DNA, structural details can be left out and the double-stranded DNA double helix simplified to show the letter code on one strand only. Sequences can then be compared for similarities and differences.



          
          
              
                        [image: A diagram shows two short letter code sequences.] 
              

          

          

          
                          The short letter code sequences for land plant D N A and green algal D N A show that there is a different sequence at the same location. A box is around one letter in the sequence for both organisms, as this is the letter that differs. The short sequences for land plant and green algal D N A are as follows.



	Land plant D N A
	A
	T
	A
	T
	C, A box around this letter indicates a different sequence at the same location from green Algal D N A.
	G
	A
	G



	Green algal D N A
	A
	T
	A
	T
	G, A box around this letter indicates a different sequence at the same location from land plant D N A.
	G
	A
	G



      
    
          

        


MODEL Suppose that in the same section of DNA, molds and other fungi have the sequence A-T-A-T-A-G-A-C. Draw a model that compares the sequences. Are fungi closely related to either green algae or land plants? Explain your logic.

apply See Figure A1.1. Molds and other fungi appear not to be closely related to green algae or land plants, because they differ from both green algae and land plants at two positions (﻿5
 and ﻿8,
 counting from left to right).





          
          
                Figure A1.1
                
              

            
          
              
                        [image: A diagram depicts sequence difference at two locations between land plant D N A and fungi D N A, and fungal D N A and green algal D N A.] 
              

          

          

          
                          The nucleotide sequence of the land plant D N A is as follows: A, T, A, T, C (highlighted), G, A, G (highlighted). The nucleotide sequence of the fungal D N A is as follows: A, T, A, T, A (highlighted), G, A, C (highlighted). The nucleotide sequence of the green algal D N A is as follows: A, T, A, T, G (highlighted), G, A, G (highlighted). Sequence differs between fungi and land plants at TWO locations: C (highlighted) and G (highlighted) in land plant D N A sequence, and A (highlighted) and C (highlighted) in fungal D N A sequence. The sequence differs between fungi and green algae at TWO locations: A (highlighted) and C (highlighted) in the fungal D N A sequence, and G (highlighted) and G (highlighted) in the green algal D N A sequence.
      
    
          

        









The next step in analyzing genetic variation is to consider what the similarities and differences in the sequences imply about relationships between species. The goal is to produce a diagram that describes the phylogeny of the organisms being compared.


A diagram that depicts evolutionary history in this way is called a 
phylogenetic tree. (For help in learning how to read a phylogenetic tree, see BioSkills 13.) Just as a family tree shows relationships between individuals, a phylogenetic tree shows relationships between species. On a phylogenetic tree, branches that share a recent common ancestor—that is, an ancestral population—represent species that are closely related; branches that don’t share recent common ancestors represent species that are more distantly related.


The Tree of Life Estimated from Genetic Data


To construct a phylogenetic tree like the one shown in Figure 1.7, researchers use sophisticated computer programs to find the arrangement of branches that is most consistent with the similarities and differences observed in the genetic data.



          
          
                Figure 1.7
                The Tree of Life Was Produced by Comparing Genetic Sequence Data.
              

            
          
              
                        [image: The Tree of Life was produced by comparing genetic sequence data.] The three domains of life revealed by the analysis are labeled. Common names are given for lineages in the domains Bacteria and Eukarya. Phyla names are given for lineages in the domain Archaea, because most of them have no common names.

 
              

          

          

          
                          The tree diagram for the three domains of life, is represented here as a list with the top of the list corresponding to the far left of the tree and the bottom to the far right. Nodes are branch points in the tree. Common or phyla names are at the ends of the branches. Branch point numbers refer to the number of branches from the origin of the tree. Branch point letters distinguish sub-branches of a complex tree.
 Branch point 1. This node represents the common ancestor of all organisms alive today. Branch point 1 splits to Branch point 2 a and Branch point 2 b.
  	Branch point 2 a, Domain Bacteria, splits to Branch point 3 a and Branch point 3 b.
 	Branch point 3 a, splits to Taxon 1, Mycoplasma, and Branch point 4 a.
 	Branch point 4 a, splits to Taxon 2, Firmicutes, and Branch point 5 a.
 	Branch point 5 a, splits to Taxon 3, Cyanobacteria, and Taxon 4, Actinobacteria.
 	Branch point 3 b, splits to Taxon 5, Spirochaetes, and Branch point 4 b.
 	Branch point 4 b, splits to Branch point 5 b and Branch point 5 c.
 	Branch point 5 b, splits to Taxon 6, Chlamydiae, and Taxon 7, Bacteriodetes.
 	Branch point 5 c, splits to Taxon 8, Epsilon Proteobacteria, and Branch point 6 a.
 	Branch point 6 a, splits to Taxon 9, Delta Proteobacteria, and Branch point 7 a.
 	Branch point 7 a, splits to Taxon 10, Alpha Proteobacteria, and Branch point 8 a.
 	Branch point 8 a, splits to Taxon 11, Beta Proteobacteria, and Taxon 12, Gamma Proteobacteria.
 
 Branch point 2 b. This node represents the common ancestor of archaea and eukaryotes. Branch point 2 b splits to Branch point 3 c and Branch point 3 d.
  	Branch point 3 c, Domain Archaea, splits to Taxon 13, Thaumarchaeota, and Branch point 4 c.
 	Branch point 4 c, splits to Taxon 14, Crenarchaeota, and Branch point 5 d.
 	Branch point 5 d, splits to Taxon 15, Korarchaeota, and Taxon 16, Euryarchaeota.
 	Branch point 3 d, Domain Eukarya, splits to Branch point 4 d and Branch point 4 e.
 	Branch point 4 d, splits to Taxon 17, Slime molds, and Branch point 5 e.
 	Branch point 5e, splits to Taxon 18, Fungi, and Branch point 6 b. Fungi, animals, and plants are small branch tips on the tree of life.
 	Branch point 6 b, splits to Taxon 19, Animals, and Taxon 20, Choanoflagellates. Fungi, animals, and plants are small branch tips on the tree of life.
 	Branch point 4 e, splits to Branch point 5 f and 5 g.
 	Branch point 5 f, splits to Taxon 21, Euglenids and Branch point 6 c.
 	Branch point 6 c, splits to Taxon 22, Parabasilids, and Taxon 23, Diplomonads.
 	Branch point 5 g, splits to Branch point 6 d and Branch point 6 e.
 	Branch point 6 d, splits to Taxon 24, Red algae, and Branch point 7 b.
 	Branch point 7 b, splits to Taxon 25, Green algae, and Taxon 26, Land plants. Fungi, animals, and plants are small branch tips on the tree of life.
 	Branch point 6 e, splits to Taxon 27, Foraminiferans, and Branch point 7 c.
 	Branch point 7 c, splits to Branch point 8 b and Branch point 8 c.
 	Branch point 8 b, splits to Taxon 28, Ciliates, and Branch point 9 a.
 	Branch point 9 a, splits to Taxon 29, Dinoflagellates, and Taxon 30, Apicomplexans.
 	Branch point 8 c, splits to Taxon 31, Water molds, and Branch point 9 b.
 	Branch point 9 b, splits to Taxon 32, Diatoms, and Taxon 33, Brown algae.
 
      
    
          

        

Because this tree includes such a diverse array of species, it is often called “the universal tree,” or “the tree of life.” Notice that the tree’s main node is the common ancestor (ancestral population) of all living organisms. Researchers who study the origin of life propose that the tree’s root extends all the way back to a “last universal common ancestor” of cells, or 
LUCA.


The tree of life implied by genetic sequence data established that there are three fundamental groups or lineages of organisms: (1) the Bacteria, (2) the Archaea, and (3) the Eukarya. In all 
eukaryotes (literally, “true-kernel”), cells have a prominent component called the nucleus (Figure 1.8a). Because the vast majority of bacterial and archaeal cells lack a nucleus, they are referred to as 
prokaryotes (“before-kernel”; see Figure 1.8b). Bacteria and archaea are almost exclusively unicellular (“one-celled”); many eukaryotes are multicellular (“many-celled”).



          
          
                Figure 1.8
                Eukaryotic and Prokaryotic Cells Differ in Structure.
              

            
          
              
                        [image: A 2-part figure depicting two micrographs shows how a Eukaryotic cell and a prokaryotic cell differ in structure.] 
              

          

          

          
                          The two micrographs show the structures of a eukaryotic cell and a prokaryotic cell, as follows.


	Eukaryotic cells have a membrane-bound nucleus. The micrograph shows a large round cell with an interior structure that resembles concentric rings interspersed with darker structures. A large nucleus, about half of the diameter of the cell, has a membrane around it. The scale is 1 micrometer or about half of the diameter of the nucleus and one-fourth of the diameter of the cell.

	Prokaryotic cells do not have a membrane-bound nucleus. The micrograph shows a smaller, oval-shaped cell that lacks the more complicated internal structures of the eukaryotic cell. There is no nucleus, and the outermost cell surface is the membrane. The scale is 0.1 micrometers, or about one-fifth of the diameter of the cell. The length of measurement is 0.1 micrometers.


      
    
          

        







BIOLOGY IN NUMBERS



How many times larger than the prokaryotic cell is the eukaryotic cell in this figure?

	
apply ﻿The eukaryotic cell is roughly 10 times the size of the prokaryotic cell.













When results based on genetic data were first published, biologists were astonished. For example:



	
                  Before Woese’s work and follow-up studies, biologists thought that the most fundamental division among organisms was between prokaryotes and eukaryotes. The Archaea were virtually unknown, much less recognized as a major and highly distinctive branch on the tree of life.

              

	
                  Fungi were thought to be closely related to plants. Instead, they are much more closely related to animals.

              

	
                  Traditional approaches for classifying organisms—including the system of five kingdoms divided into various classes, orders, and families that you may have learned in high school—are inaccurate in many cases, because they do not reflect the actual evolutionary history of the organisms involved.

              




The Tree of Life Is a Work in Progress


Just as researching a family tree might help a person understand who they are and where they came from, so the tree of life helps biologists understand the relationships between organisms and the history of species. Discovery of the Archaea and the accurate placement of lineages such as fungi qualify as exciting breakthroughs in our understanding of evolutionary history and life’s diversity.


Work on the tree of life continues at a furious pace, however, and the location of certain branches on the tree is hotly debated. As databases expand and as techniques for analyzing data improve, the shape of the tree of life will undoubtedly change. Our understanding of the tree of life, like our understanding of every other topic in biological science, is dynamic.







        

      

    


      
        
          
How Should We Name Branches on the Tree of Life?


In science, the effort to name and classify organisms is called 
taxonomy. Any named group at any level of a classification system is called a 
taxon (plural: taxa). Currently, biologists are working to create a taxonomy, or naming system, that accurately reflects the phylogeny of all organisms. Based on the tree of life, Woese proposed a new taxonomic category called the 
domain. He designated the Bacteria, Archaea, and Eukarya as the three domains of life.


Biologists today often use the term 
phylum (plural: phyla) to refer to major lineages within each domain. Although the designation is somewhat arbitrary, each phylum is considered a major branch on the tree of life. Within the eukaryotic lineage called animals, biologists currently name 30–35 phyla—each of them distinguished by distinctive aspects of body structure as well as by distinctive gene sequences. For example, the mollusks (clams, squid, octopuses) constitute an animal phylum, as do the chordates (vertebrates and their close relatives).


Because the tree of life is so new, though, naming systems are still being worked out. For example, recent genetic data have fueled a debate over the domains of life. Some argue that rather than three domains, there are only two: Bacteria and the rest of life (Ch. 26, Section 26.2). One thing that hasn’t changed for centuries, however, is the naming system for individual species.


Scientific (Latin) Names


In 1735, a Swedish botanist named Carolus Linnaeus established a system for naming species that is still in use today. Each type of organism is assigned a two-part name.



	
                  
Genus
 The first part of the two-part name indicates the organism’s 
genus (plural: genera). A genus is made up of a closely related group of species. For example, Linnaeus put humans in the genus Homo. Although humans are the only living species in this genus, at least six extinct organisms, all of which walked upright and made extensive use of tools, were later also assigned to Homo.

              

	
                  Species name The second term in the name identifies the organism’s species. Linnaeus gave humans the species name sapiens. A species name is always preceded by its genus.

              




An organism’s genus and species designation is called its 
scientific name, or Latin name. Scientific names are always italicized. Genus names are always capitalized, but species names are not—as in Homo sapiens. Linnaeus maintained that different types of organisms should not be given the same genus and species names. Other species may be assigned to the genus Homo (from the Latin for “man”), and members of other genera may be named sapiens (from the Latin for “wise” or “knowing”), but only humans are named Homo sapiens. Each scientific name is unique.


Scientific Names Are Often Descriptive


Scientific names and terms are often based on Latin or Greek word roots that are descriptive. For example, consider the yeast Saccharomyces cerevisiae. Saccharomyces is aptly named—the domesticated strains of yeast used in brewing and baking are often fed sugar (Greek root saccharo), and yeast is a fungus (Greek root myces). The species name of this organism, cerevisiae, is Latin for “beer.” Loosely translated, then, the scientific name of brewer’s yeast means “sugar-fungus for beer.”


Scientific names and terms often seem daunting at first glance. So, most biologists find it extremely helpful to memorize some of the common Latin and Greek roots. To aid you in this process, new terms in this text are often accompanied by a translation of their Latin or Greek word roots in parentheses. (A glossary of common root words with translations and examples is also provided in BioSkills 15.)








Check Your Learning



Examine the following DNA sequences and determine which two species would be closest on a phylogenetic tree.


	Species A: A A C T A G C G C G A T


	Species B: A A C T A G C G C C A T


	Species C: T T C T A G C G G T A T




	
analyze From the sequence data provided, species A and B differ only in one letter of the DNA sequence (position 10 from left). Species C differs from species A and B in four letters (positions 1,2,9, and 10). Species A and B would be closest on a phylogenetic tree since they appear to be more closely related, while species C is more distantly related.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          1.6 Doing Biology







Learning Objective



	
1.6Explain the scientific process.










In this chapter you have read about some of the great ideas in biology. Development of the cell theory, the chromosome theory of inheritance, and the theory of evolution provided cornerstones when the science was young. The central dogma explained the flow of information from DNA to physical traits of an organism, and the more recent insights of the tree of life have revolutionized our understanding of life’s diversity.


These are considered great ideas because they explain fundamental aspects of nature, and because they have consistently been shown to be correct. They are considered correct because they have withstood extensive testing. How do biologists go about testing their ideas? Before answering this question, let’s step back a bit and consider the types of questions that researchers can and cannot ask.







        

      

    


      
        
          
The Nature of Science




Biologists ask questions about organisms, just as physicists and chemists ask questions about the physical world or geologists ask questions about Earth’s history and the processes that shape landforms. No matter what their field, all scientists ask questions that can be answered by observing or measuring things—by collecting data. Conversely, scientists cannot address questions that cannot be answered by observing or measuring things.




This distinction is important. It is at the root of continuing controversies about teaching evolution in publicly funded schools. In some parts of the United States and in Turkey, fundamentalist Christian and Islamic leaders have been particularly successful in pushing their claim that evolution and religious faith are in conflict. Even though the theory of evolution is considered one of the most successful and best-substantiated ideas in the history of science, they object to teaching it.




The vast majority of biologists and many religious leaders reject this claim; they see no conflict between evolution and religious faith. Their view is that science and religion are compatible because they address different types of questions.





	
                  Science is about formulating hypotheses and finding evidence that supports or conflicts with those hypotheses.

              

	
                  Religious faith addresses questions that cannot be answered by data. The questions addressed by the world’s great religions focus on why we exist and how we should live.

              






Biologists must also deal with uncertainty in answers to their questions. Note that in everyday usage, “uncertainty” suggests something that is not known. In science, however, “uncertainty” is a quantitative measurement of variability in the data. In other words, uncertainty doesn’t imply a lack of knowledge—it’s a measure of how well something is known (BioSkills 3). For example, the vast majority of scientists agree that the Earth is warming. Uncertainty or variability in the data does not undermine their confidence that 
climate change is real and that human activities are amplifying it (Ch. 53, Section 53.3). But many coordinated messaging campaigns by companies and politicians that oppose climate action, such as reducing carbon dioxide emissions, have used this “uncertainty” to cast doubt on the seriousness of global climate change, despite the overwhelming scientific evidence.




So how do biologists go about answering questions? After formulating hypotheses, biologists perform studies that yield observational or experimental data, such as observing a behavior, characterizing a structure within a cell by microscopy, or sequencing DNA. Let’s consider two examples of this process.







        

      

    


      
        
          
An Introduction to Hypothesis Testing: Why Do Giraffes Have Long Necks?


If you were asked why giraffes have long necks, you might say based on your observations that long necks enable giraffes to reach food that is unavailable to other mammals. This hypothesis is expressed in African folktales and has traditionally been accepted by many biologists. The food competition hypothesis is so plausible, in fact, that for decades no one thought to test it.


In the mid-1990s, however, Robert Simmons and Lue Scheepers assembled data suggesting that the food competition hypothesis is only part of the story. Their analysis of observational data supports an alternative hypothesis: Long necks allow giraffes to use their heads as effective weapons for battering their opponents, and longer-necked giraffes have a competitive advantage in fights.


Before exploring these alternative explanations, it’s important to recognize that hypothesis testing is a two-step process:



		
Step 1State the hypothesis as precisely as possible and list the predictions it makes.





		
Step 2Design an observational or experimental study that is capable of testing those predictions.







If the predictions are accurate, the hypothesis is supported. If the predictions are not met, then researchers do further tests, modify the original hypothesis, or search for alternative explanations. But the process does not end here. Biologists communicate their results to the scientific community and beyond; for example, via informal conversations, scientific meetings, or publications. (See the Big Picture of Doing Biology.)


Now that you understand more about hypothesis testing, let’s return to the giraffes. How did biologists test the food competition hypothesis? What data support their alternative explanation?


The Food Competition Hypothesis: Predictions and Tests


The food competition hypothesis claims that giraffes compete for food with other mammals. When food is scarce, as it is during the dry season, giraffes with longer necks can reach food that is unavailable to other species and to giraffes with shorter necks. As a result, the longest-necked individuals in a giraffe population survive better and produce more young than do shorter-necked individuals, and average neck length of the population increases with each generation.


To use the terms introduced earlier, long necks are adaptations that increase the fitness of individual giraffes during competition for food. This type of natural selection has gone on so long that the population has become extremely long necked.


The food competition hypothesis makes several explicit predictions. For example, it predicts that



	
                  neck length is variable among giraffes;

              

	
                  neck length in giraffes is heritable; and

              

	
                  giraffes feed high in trees, especially during the dry season, when food is scarce and the threat of starvation is high.

              




The first prediction is correct. Studies in zoos and natural populations confirm that neck length is variable among individuals. The researchers were unable to test the second prediction, however, because they studied giraffes in a natural population and could not do breeding experiments. As a result, they simply had to accept this prediction as an assumption. In general, though, biologists prefer to test every assumption behind a hypothesis.


What about the prediction regarding feeding high in trees? According to Simmons and Scheepers, this is where the food competition hypothesis breaks down.


Consider, for example, data collected by a different research team on the amount of time that giraffes spend feeding in vegetation of different heights (Figure 1.9a). Note that this graph plots the height of vegetation on the x-axis, starting from ground level (0 meter on the graph) and continuing up to 7 meters. The percentage of bites taken by a giraffe is plotted on the y-axis, for males and for females from the same population in Kenya. A dashed line on each graph indicates the average height of a male or female in this population. (For more help on reading graphs, see BioSkills 2.)








          
          
                Figure 1.9
                Giraffes Do Not Usually Extend Their Necks Upward to Feed.
              

            
          
              
                        [image: A two-part figure shows a graph indicating that most of the giraffes from the same population in Kenya feed at about shoulder height and an adjacent photo shows that giraffes usually feed with their necks bent.] 
              

          

          DATA: T. P. Young and L. A. Isbell. 1991. Ethology 87: 79–89.



          
                          Part (a). Most feeding is done at about shoulder height. The graph plots feeding height in meters versus the percentage of feeding bites. The x axes of both graphs depict feeding height in meters, ranging from 0 to 7 with intervals of 1 meter. The y axes depicts the percentage of feeding bites taken by a giraffe, ranging from 0 to 40 with intervals of 10 percent. The graph indicates the average height of males is just over 5 meters, while the average height of females is just over 4 meters. For both males and females, peak feeding height is well below the average height of the giraffe, about 3 meters for males and about 2.6 meters for females. These feeding heights correspond with the typical feeding posture, which takes place at about shoulder height. The following table provides a summary of the data from the graphs. All values are approximated.



	Feeding height, meters
	Percentage of feeding bites for males
	Percentage of feeding bites for females



	0
	0
	0



	1
	3
	3



	2
	12
	35



	2.6
	22
	40



	3
	28
	14



	4, just over 4 is the average height for females
	22
	15



	5, just over 5 is the average height for males
	10
	3



	6
	8
	1



	7
	1
	0




Part (b). Typical feeding posture in giraffes. The adjacent photo provides the typical feeding posture in giraffes and shows an adult giraffe feeding from a lower-height bush. The adult giraffe bends at the neck.
      
    
          

        






QUANTITATIVE



At what height of vegetation do male and female giraffes spend most of their time feeding?

	
apply Male giraffes spend most of their time feeding on vegetation about 3.25 meters high; females spend most of their time feeding at about 2.5 meters.











Note that the average height of a giraffe in this population is much greater than the height where most feeding takes place. In this population, both male and female giraffes spend most of their feeding time eating vegetation that averages just 60 percent of their full height. Studies on other populations of giraffes, during both the wet and dry seasons, are consistent with these data. Giraffes usually feed with their necks bent (Figure 1.9b).


These data cast doubt on the food competition hypothesis, because one of its predictions does not appear to hold. Biologists have not abandoned this hypothesis completely, though, because feeding high in trees may be particularly valuable during extreme droughts, when a giraffe’s ability to reach leaves far above the ground could mean the difference between life and death. Still, Simmons and Scheepers have offered an alternative explanation for why giraffes have long necks. The new hypothesis is based on the mating system of giraffes.


The Sexual Competition Hypothesis: Predictions and Tests


Giraffes have an unusual mating system. Breeding occurs year-round rather than seasonally. Once a female giraffe enters estrus, males may fight among themselves for the opportunity to mate, though confrontation often is resolved by the males standing very tall and staring hard at each other until one male turns and runs away. When combat does occur, it is spectacular. The bulls stand next to one another, swing their necks, and strike thunderous blows with their heads. Researchers have seen males knocked unconscious for up to 20 minutes after being hit and have cataloged numerous instances in which the loser died.


These observations inspired a new explanation for why giraffes have long necks. The sexual competition hypothesis is based on the idea that longer-necked giraffes can strike harder blows during combat than shorter-necked giraffes. In engineering terms, longer necks provide a longer “moment arm.” A long moment arm increases the force of an impact. (Think about the type of sledgehammer you’d choose to bash down a concrete wall—one with a short handle or one with a long handle?)


The idea here is that longer-necked males should win more fights and, as a result, produce more offspring than shorter-necked males do. If neck length in giraffes is inherited, then the average neck length in the population should increase over time. Under the sexual competition hypothesis, long necks are adaptations that increase the fitness of males during competition for females.


Several studies have shown that long-necked males are more successful in fighting and that the winners of fights gain access to estrous females. In addition, a newly described giraffe relative that lived millions of years ago in China also provides support for the sexual competition hypothesis. Although this ancient relative had a shorter neck than modern giraffes, it had a thick-boned headpiece adapted for fierce head-to-head butting between males. The question of why giraffes have long necks is not closed, however. With the data collected to date, many biologists would probably conclude that both the food competition hypothesis and the sexual competition hypothesis need further testing and refinement. It could be that both hypotheses are correct. For our purposes, the important take-home message is that all hypotheses must be tested rigorously.


In many cases in biological science, testing hypotheses rigorously involves experimental manipulation rather than measuring just what can be observed in nature. Experimenting on giraffes is difficult. But in the case study considered next, biologists could test an interesting hypothesis experimentally.







        

      

    


      
        
          
An Introduction to Experimental Design: How Do Ants Navigate?


Let’s consider a question that is easier to test than the one about factors that determine giraffe neck length: When ants leave their nest to search for food, how do they find their way back?


The Saharan desert ant lives in colonies and makes a living by scavenging the carcasses of dead insects. Individuals leave the burrow and wander about searching for food at midday, when temperatures at the surface can reach 60°C (140°F) and predators are hiding from the heat. Foraging trips can take the ants hundreds of meters—an impressive distance when you consider that the ants are only about a centimeter long. But when an ant returns, it doesn’t follow the same wandering route it took away from the nest. Instead, its return path is a straight line (Figure 1.10). Once individuals are close to the nest, they engage in a characteristic set of back-and-forth U-turns until they find their nest hole. How do they do know how far they are from the nest?



          
          
                Figure 1.10
                Foraging Desert Ants Can Navigate.
              

            
          
              
                        [image: A diagram indicates that foraging desert ants can navigate.] 
              

          

          

          
                          The diagram provides an observation that Saharan desert ants meander long distances to find food, or insect carcasses, but return to the nest in a straight line. The nest is on the lower left and the food is on the upper right. A meandering path that twists, turns, and loops, indicates the winding and indirect course the ant takes from the nest to the food source. A dashed line indicates the straight path the ant takes to bring food back to the nest. The question is, How do they find their way back?
      
    
          

        

The Pedometer Hypothesis


Early work on navigation in desert ants showed that they use the Sun’s position as a compass—meaning that they always know the approximate direction of the nest relative to the Sun. But how do they know how far to go? Experiments had shown that the ants do not use landmarks to navigate, so Matthias Wittlinger and co-workers set out to test a novel idea. The biologists proposed that these ants know how far they are from the nest by using information from leg movements.


According to this pedometer hypothesis, the ants always know how far they are from the nest because they track the number of steps they have taken and their stride length. The idea is that they can make a beeline back toward the burrow because they integrate information on the angles they have traveled and the distance they have gone—based on step number and stride length.


If the pedometer hypothesis is wrong, however, then stride length and step number should have no effect on the ant’s ability to get back to its nest. This latter possibility is called a 
null hypothesis. A null hypothesis specifies what should be observed when the hypothesis being tested isn’t correct.


Testing the Hypothesis


To test their idea, Wittlinger’s group allowed ants to walk from a nest to a feeder through a channel—a distance of 10 m. Then they caught ants at the feeder and created three test groups, each consisting of 25 individuals (Figures 1.11 and 1.12):



	
                  Shortened By cutting off the lower legs of some individuals, the biologists created ants with shorter-than-typical legs.

              

	
                  Typical Some individuals were left alone, meaning that they had typical leg length.

              

	
                  Lengthened By gluing pig bristles onto each leg, the biologists created ants with longer-than-typical legs.

              










          
          
                Interactive Figure 1.11
                An Experimental Test: Do Desert Ants Use a “Pedometer”?
              

            
          
              
                        [image: An illustration shows the research question, pedometer hypothesis, null hypothesis, experimental setups for tests 1 and 2, prediction on pedometer hypothesis, prediction on null hypothesis, results, and conclusion.] 
              

          

          SOURCE: M. Wittlinger, R. Wehner, and H. Wolf. 2006. The ant odometer: Stepping on stilts and stumps. Science 312: 1965–1967.



          
                          QUESTION: How do desert ants find their way back to their nest?

PEDOMETER HYPOTHESIS: Desert ants keep track of stride number and length to calculate how far they are from the nest.

NULL HYPOTHESIS: Stride number and length have nothing to do with navigation (the ants use some other mechanism to navigate). EXPERIMENTAL SETUP (TEST 1) shows the following steps:

Step 1. Ants walk from nest to feeder. 75 ants are collected. A horizontal arrow shows a distance of about 10 meters between the nest and the feeder.

Step 2. Manipulation of legs. Three treatments, 25 ants each. Cut legs to create shortened legs. Leave legs typical length. Add pig bristles as lengthened legs.

Step 3. Ants return “home” from feeder and search for nest hole. A zigzag arrow depicts the distance of more than 10 meters between the feeder and the nest. A question mark is shown over the arrowhead. 

PREDICTION OF PEDOMETER HYPOTHESIS: Ants with shortened legs will go too far; ants with lengthened legs will stop short.

PREDICTION OF NULL HYPOTHESIS: No differences among the three groups.

RESULTS for test 1: Three box-and-whisker plots for the lengthened, typical, and shortened are depicted. A horizontal axis depicts the homebound run in meters ranging from 0 through 20 in increments of 5 units. A vertical dashed line is drawn at 10 meters. The boxplot for homebound run in meters for lengthened ants shows the lowest score of 11 depicted at the end of the left whisker, the interquartile range of 13 to 16 in the box, the median of 15 in the box, and the highest score of 17 depicted at the end of the right whisker. The boxplot for homebound run in meters for typical ants shows the lowest score of 8 depicted at the end of the left whisker, the interquartile range of 9 to 11 in the box, the median of 10.5 in the box, and the highest score of 14 depicted at the end of the right whisker. The boxplot for homebound run in meters for shortened ants shows the lowest score of 4 depicted at the end of the left whisker, the interquartile range of 5 to 7 in the box, the median of 6 in the box, and the highest score of 8 depicted at the end of the right whisker. EXPERIMENTAL SETUP (TEST 2) shows the following steps:

Step 1. Recapture manipulated ants from Test 1. An illustration shows shortened legs, typical legs, and lengthened legs with pig bristles. 

Step 2. The three treatments of ants walk from nest to feeder again. A horizontal arrow shows a distance of about 10 meters between the nest and the feeder.

Step 3. Ants walk back “home” from feeder again. A zigzag arrow depicts the distance of more than 10 meters between the feeder and the nest. A question mark is shown over the arrowhead. 

PREDICTION OF PEDOMETER HYPOTHESIS: All three groups will start looking for nest after walking 10 m. 

PREDICTION OF NULL HYPOTHESIS: No difference from the observed results in Test 1.

RESULTS for test 2: Three box-and-whisker plots for the lengthened, typical, and shortened ants are depicted. A horizontal axis depicts the homebound run in meters ranging from 0 through 20 in increments of 5 units. A vertical dashed line is drawn at 10 meters. The boxplot for homebound run in meters for lengthened ants shows the lowest score of 8 depicted at the end of the left whisker, the interquartile range of 9.8 to 11.5 in the box, the median of 10.8 in the box, and the highest score of 13 depicted at the end of the right whisker. The boxplot for homebound run in meters for typical ants shows the lowest score of 7.5 depicted at the end of the left whisker, the interquartile range of 8.5 to 11 in the box, the median of 10.2 in the box, and the highest score of 14 depicted at the end of the right whisker. The boxplot for homebound run in meters for shortened ants shows the lowest score of 6.8 depicted at the end of the left whisker, the interquartile range of 8 to 11 in the box, the median of 9.7 in the box, and the highest score of 12 depicted at the end of the right whisker.

CONCLUSION for both tests: Desert ants use information on stride length and number to calculate how far they are from the nest.
      
    
          

        






PROCESS OF SCIENCE



What is the advantage of using 25 ants in each group instead of just one?

	
apply If you used just one ant, the interpretation of the experiment would not likely change, but you would have less confidence in the conclusions drawn.














          
          
                Figure 1.12
                Manipulating Desert Ant Legs Changes Stride Length.
              

            
          
              
                        [image: Manipulating desert ant legs changes stride length.] 
              

          

          

          
                          An illustration shows three ants from left to right as follows.


	Shortened, shorter stride. The stump ant sits low to the ground on short legs.

	Lengthened, longer stride. The stilt ant sits high above the ground on bristle stilts.

	Typical, untreated stride. The normal ant sits, between the two in height, on legs of normal length.


      
    
          

        

Next they put the ants in a different channel for their return home and recorded how far they traveled in a direct line before starting their nest-searching behavior. To see the data they collected, look at the graph on the left side of the “Results” section in Figure 1.11.



	
                  Shortened The ants with shortened legs stopped short, by about 5 m, before starting to search for the nest opening.

              

	
                  Typical The ants with typical leg length walked the correct distance—about 10 m.

              

	
                  Lengthened The ants with lengthened legs walked about 5 m too far before starting to search for the nest opening.

              




To check the validity of this result, the researchers put the test ants back in the nest and recaptured them one to several days later, when they had walked to the feeder on their shortened legs, legs of typical length, or lengthened legs. Now when the ants were put into the other channel to “walk back,” they all traveled the correct distance—10 m—before starting to search for the nest (see the graph on the right side of the “Results” section in Figure 1.11).


The graphs in the “Results” display “box-and-whisker” plots that allow you to easily see where most of the data fall. Each box indicates the range of distances where 50 percent of the ants stopped to search for the nest. The whiskers indicate a lower extreme (stopping short of the nest location) and an upper extreme (going too far) of where the other 50 percent of ants stopped to search. The vertical line inside each box indicates the median—meaning that half the ants stopped above this distance and half below. (For more details on how biologists report medians and indicate the variability and uncertainty in data, see BioSkills 3.)


Interpreting the Results


The pedometer hypothesis predicts that an ant’s ability to walk home depends on the number and length of steps taken on its outbound trip. Recall that a prediction specifies what should be observed if a hypothesis is correct. Good scientific hypotheses make testable predictions—predictions that can be supported or rejected by collecting and analyzing data. In this case, the researchers tested the prediction by altering stride length and recording the distance traveled on the return trip. Under the null hypothesis in this experiment, all the ants—altered and unaltered—should have walked 10 m in the first test before they started looking for their nest.


Important Characteristics of Good Experimental Design


This study illustrates several important points related to designing effective experiments:



	
                  It is critical to include a 
control. A control checks for factors, other than the one being tested, that might influence the experiment’s outcome. In this case, there were two controls. Including an unmanipulated individual controlled for the possibility that switching the individuals to a new channel altered their behavior. The researchers also had to control for the possibility that the manipulation itself—and not the change in leg length—affected the behavior of the ants with shortened or lengthened legs. This is why they did the second test, where the ants did outbound and return runs with the same legs.

              

	
                  The experimental conditions must be as constant or equivalent as possible. The investigators used ants of the same species, from the same nest, at the same time of day, under the same humidity and temperature conditions, at the same feeders, in the same channels. Controlling all the variables except one—leg length in this case—is crucial because it eliminates alternative explanations for the results.

              

	
                  Repeating the test is essential. It is almost universally true that larger sample sizes in experiments are better. By testing many individuals, researchers can reduce the amount of distortion or “noise” in the data caused by unusual individuals or circumstances.

              




From the outcomes of these experiments, the researchers concluded that desert ants use stride length and number to measure how far they are from the nest. They interpreted their results as strong support for the pedometer hypothesis.


The giraffe and ant studies demonstrate a vital point: Biologists practice evidence-based decision making. They ask questions about how organisms work, pose hypotheses to answer those questions, and use observational or experimental evidence to decide which hypotheses are correct.


The data on giraffes and ants offer a taste of things to come. In this text you will encounter hypotheses and research on questions ranging from how water gets to the top of 100-meter-tall sequoia trees to how the bacterium that causes tuberculosis has become resistant to antibiotics. As you work through the chapters, you’ll get lots of practice thinking about hypotheses and predictions, analyzing the nature of control treatments, and interpreting graphs.


A commitment to tough-minded hypothesis testing and sound experimental design is a hallmark of biological science. Understanding their value is an important first step in becoming a biologist.








Check Your Learning



	
PROCESS OF SCIENCE Design an experiment to test the hypothesis that desert ants feed during the hottest part of the day because it allows them to avoid being eaten by lizards.



	
create The key here is to test predation rates during the hottest part of the day (when desert ants actually feed) versus other parts of the day. The experiment would best be done in the field, where natural predators are present. One approach would be to capture a large number of ants, divide the group in two, and measure predation rates (number of ants killed per hour) when they are placed in normal habitat during the hottest part of the day versus an hour before (or after). You would need to include a control group—ants outside during the hottest part of the day.






	
PROCESS OF SCIENCE Explain how experimental conditions in your ant-predation experiment are controlled or standardized in a way that precludes alternative explanations of the data.



	
evaluate If you didn’t include a control, critics could argue that predation did or did not occur because of your experimental setup or manipulation, not because of differences in temperature. You also would need to ensure that there is no difference in ant body size or walking speed, how ants were captured and maintained, or other traits that might make the ants in the two groups more or less susceptible to predators. The ants should also be put out in the same habitat, so the presence of predators is the same in the two treatments.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          

Chapter 1: Review


1.1 What Does It Mean to Say that Something Is Alive?






	
                  There is no single, well-accepted definition of life. Instead, biologists point to five characteristics that organisms share.

              

	
                  Three of the greatest unifying ideas in biology are (1) the cell theory, (2) the chromosome theory of inheritance, and (3) the theory of evolution.

              









        

      

    


      
        
          
1.2 Life Is Cellular and Replicates through Cell Division





	
                  The cell theory identified the fundamental structural unit common to all life.

              

	
                  Most cells are capable of reproducing by dividing.

              









        

      

    


      
        
          
1.3 Life Processes Information and Requires Energy





	
                  The chromosome theory of inheritance states that genes are located on chromosomes.

              

	
                  A chromosome consists of a molecule of DNA—the hereditary material. Genes, located on chromosomes, consist of specific segments of DNA that code for products in the cell.

              

	
                  The flow of information from DNA to RNA to protein is called the central dogma.

              

	
                  Organisms are highly diverse in how they acquire and use energy.

              









        

      

    


      
        
          
1.4 Life Evolves





	
                  The theory of evolution states that all organisms are related by common ancestry.

              

	
                  Natural selection is a well-tested explanation for why species change through time and why they are so well adapted to their habitats.

              









        

      

    


      
        
          
1.5 The “Tree of Life” Depicts Evolutionary History





	
                  The theory of evolution predicts that all organisms are part of a genealogy of species, and that all species trace their ancestry back to a single common ancestor.

              

	
                  To construct this phylogeny, biologists have analyzed the sequences in an array of genetic material found in all cells.

              

	
                  A tree of life, based on similarities and differences in these molecules, has three fundamental lineages, or domains: the Bacteria, the Archaea, and the Eukarya.

              









        

      

    


      
        
          
1.6 Doing Biology


	
                  Biology is a hypothesis-driven, experimental science.

              








        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
Chapter 1: Questions



Answers are available in Appendix A.


Test Your Knowledge



	
                  Anton van Leeuwenhoek made an important contribution to the development of the cell theory. How?


	
                  He articulated that all organisms are made of cells.

              

	
                  He articulated that all cells come from preexisting cells.

              

	
                  He invented the first microscope and saw the first cell.

              

	
                  He invented more powerful microscopes and was the first to describe the diversity of cells.

              



              

	
                  PROCESS OF SCIENCE What does it mean to say that experimental conditions are controlled? Select True or False for each statement.

              





		
T/FThe test groups consist of the same individuals.




		
T/FThe null hypothesis is correct.




		
T/FThere is no difference in outcome between the control and experimental treatment.




		
T/FAll physical conditions except for one are identical for all groups tested.








	
                  What does it mean to say that a characteristic is heritable?


	
                  The characteristic evolves.

              

	
                  The characteristic can be passed on to offspring.

              

	
                  The characteristic is advantageous to the organism.

              

	
                  The characteristic does not vary in the population.

              



              

	
                  Could both the food competition hypothesis and the sexual competition hypothesis explain why giraffes have long necks? Why or why not?

              




Test Your Understanding



	
                  What would researchers have to demonstrate to convince you that they had discovered life on another planet?

              

	
                  What did Linnaeus’ system of naming organisms ensure?


	
                  Two different organisms never end up with the same genus and species name.

              

	
                  Two different organisms have the same genus and species name if they are closely related.

              

	
                  The genus name is different for closely related species.

              

	
                  The species name is the same for each organism in a genus.

              



              

	
                  What is “selected” during natural selection? Explain your answer.

              

	
                  PROCESS OF SCIENCE Explain why researchers formulate a null hypothesis in addition to a hypothesis when designing an experimental study.

              




Test Your Problem-Solving Skills



	
                  THINK CAREFULLY A friend tells you that the theory of evolution is just an educated guess by biologists about how things work. Evaluate this statement.

              

	
                  Some humans have genes that make them resistant to infection by HIV. Would human populations likely evolve differently in areas of the world where HIV infection rates are high? Explain your logic.

              









        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
Put It All Together: Case Study



          
          
              
                        [image: A photo shows a buff-tailed bumble bee, Bombus terrestris, rolling down a wooden ball.] 
              

          

          

          
            
          

        

Do bumble bees play ball?


You may have played ball with a dog, or even a seal, but you probably never imagined playing ball with a bee. A research team trained buff-tailed bumble bees, Bombus terrestris, to roll wooden balls for a food reward and, in the process, observed that some bumble bees spontaneously rolled the balls even without a reward.



	
                  Outline the flow of information from the genetic material to the physical appearance of the bumble bee pictured here.

              

	
                  The buff-tailed bumble bee is one of the most common and abundant bumble bee species in the northern hemisphere. What does the species name of B. terrestris mean? Why is this name appropriate? (Hint: see BioSkills 15.)

              

	
                  QUANTITATIVE/HUMAN ANGLE While working on her PhD, behavioral ecologist Samadi Galpayage led a landmark study that reached an unexpected conclusion—bumble bees roll wooden balls “just for fun.” Galpayage and co-workers hypothesized that similar to other animals that play, young bumble bees would play more than older bumble bees. In their experimental setup, a nest box containing a bumble bee colony was connected via a plastic tunnel to an unobstructed path that led to a foraging area that contained a food reward (sucrose and pollen). There were nine mobile, inedible wooden balls on the right of the unobstructed path and nine immobile, inedible balls on the left, so the bumble bees had to take a detour to get to the balls. Results of a study of younger bees (3 days old) and older bees (10 days old) are shown in the following box-and-whisker plot (see BioSkills 2). Eleven out of 13 younger bees rolled balls, and 14 out of 33 older bees rolled balls. For the bees that rolled balls, the number of ball rolling actions was measured. Use the P value provided to determine if the differences are significant or not (*means P<0.05, see BioSkills 3). What conclusion, if any, can be drawn about bumble bee ball rolling from this study? What might the researchers do next to further explore the role of play in bumble bees?

              





          
          
              
                        [image: A photo shows behavioral ecologist Samadi Galpayage while doing her experimental study on bumble bees rolling wooden balls.] 
              

          

          

          
            
          

        


          
          
              
                        [image: A graph shows a box-and-whisker plot depicting the results of an experimental study on young and old bumble bees rolling wooden balls.] 
              

          

          SOURCE: H.S. Galpayage Dona, C. Solvi, A. Kowalewska, K. Mäkelä, H. MaBouDi, and L. Chittka. 2022. Do bumble bees play? Animal Behavior 194: 239–251.



          
                          The x-axis depicts the age group with the following two markings: Young and Old. The y-axis depicts the Average number of balls rolled ranging from 0 to 25 in increments of 5 units. The boxplot for the young age group shows the lowest score of 2 depicted at the end of the bottom whisker, the interquartile range of 4 to 15 in the box, the median of 10 in the box, and the highest score of 24 depicted at the end of the top whisker. The boxplot for the old age group shows the lowest score of 1 depicted at the end of the bottom whisker, the interquartile range of 3 to 7 in the box, the median of 4 in the box, and the highest score of 8 depicted at the end of the top whisker.
      
    
          

        


	
                  PROCESS OF SCIENCE Galpayage and co-workers disinfected the wooden balls after each experiment. If they had not included this step, how might this have impacted their interpretation of the data?

              

	
                  SOCIETY This study suggests a form of sentience (the capacity to experience feelings and sensations) in bumble bees. How might these findings impact conservation policies?

              

	
                  If play behavior benefits early brain development, then B. terrestris individuals that play might have increased fitness. In biology, what does the term “fitness” mean?

              









        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          

End-of-Unit Case Study Introduction: Put it all Together


Mystery of the Newt






          
          
              
                        [image:  A close up view of a light brown newt with a rounded snout.] 
              

          

          

          
            
          

        





Back in the 1950s, so the story goes, three hunters were reported missing in the Oregon Coast Range. Police discovered them dead, around their camp fire, coffee cups in hand, next to a pot of coffee on the now cold embers.


There was no sign of foul play and nothing had been stolen from the campsite. But, then the police found another dead body. Curled up at the bottom of the pot was a coffee-colored newt, later identified as Taricha granulosa, the rough-skinned newt.





          
          
              
                        [image: Flames surround a coffee pot in a camp fire.] 
              

          

          

          
            
          

        






          
          
              
                        [image: A photo of “Doc” Walker (Dr. Kenneth Walker), a biology professor at the Oregon College of Education, with his dog at an outdoor location.] 
              

          

          

          
            
          

        



Enter undergraduate Edmund D. “Butch” Brodie, Jr. Told this local legend in 1962 by “Doc” Walker (Dr. Kenneth Walker), a biology professor at the Oregon College of Education, Brodie became intrigued. So, he designed a research project to find out whether there was a connection between the rough-skinned newt and the dead hunters.


Little did people know at that time that solving this mystery would encompass all levels of biology, from molecules and cells to ecology and evolution. At the end of each unit, look for more clues as the “Mystery of the Newt” unfolds.


As for Butch Brodie, Jr., he continued to study the newts through his undergraduate degree, a Master’s, and Ph.D. from nearby Oregon State University, and in a life-long career doing biology.








          
          
              
                        [image: A rough skinned newt stands on the yellow centerline of a roadway.] This rough-skinned newt is crossing a roadway in western Oregon, as it migrates to its breeding area in the spring.

 
              

          

          

          
            
          

        

Each Unit ends with a continuation of this story.


PROCESS OF SCIENCE



	Propose a hypothesis for how the hunters died.



One possible hypothesis is: Roughskinned newts contain a toxin in their skin.




	Design an experiment to test your hypothesis.



There are many possible approaches. You could design an experiment similar to what Butch Brodie, Jr. did as an undergraduate: Collect newts and trap mice (potential predators) in the woods. Grind up the newt skin into a fine powder and mix with water in different concentrations. Inject the newt skin solution or water as a control into mice (n=10). Observe whether the mice live or die. 









        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
The Big Picture


﻿Doing Biology


Biologists study the characteristics of life. The cell theory, the theory of evolution by natural selection, the chromosome theory of inheritance, and the tree of life are some of the great ideas in biology that came about by biologists asking questions that can be answered by observing or measuring things—that is, by collecting data.


Notice that the study of life is not a series of linear steps with a beginning and an end. Instead, the process of doing biology is dynamic and ongoing. The answer to one question may lay the foundation for 20 more questions. Working together, biologists from different disciplines integrate data across many levels, from atoms to the biosphere.


Note that the purple numbers in boxes tell you where to go in the book for more information. Also, be sure to do the blue exercises in the Check Your Learning box below.



      
        
      
    Interact with THE BIG PICTURE: DOING BIOLOGY








          
          
              
                        [image: A concept map in the big picture shows the characteristics of life, evidence-based study of life, and levels of biological organization.] 
              

          

          

          
                          BIG PICTURE. Biologists study the characteristics of life. The cell theory, the theory of evolution by natural selection, the chromosome theory of inheritance, and the tree of life are some of the great ideas in biology that came about by biologists asking questions that can be answered by observing or measuring things—that is, by collecting data. Notice that the study of life is not a series of linear steps with a beginning and an end. Instead, the process of doing biology is dynamic and ongoing. The answer to one question may lay the foundation for 20 more questions. Working together, biologists from different disciplines integrate data across many levels, from atoms to the biosphere. Note that the purple numbers in boxes tell you where to go in the book for more information. Also, be sure to do the blue exercises in the Check Your Learning box below. CHECK YOUR LEARNING 1. PROCESS OF SCIENCE Describe how biologists go about testing their ideas. 2. Provide an example of how an experimental study could span more than one level of biological organization. 3. Compare and contrast a hypothesis with a theory. 4. PROCESS OF SCIENCE Propose the next step to take if data support the hypothesis you are testing. Answers are available in Appendix A. The concept map is depicted as a flowchart, which includes the following steps. Step 1: DOING BIOLOGY involves the Evidence-based study of life (sections 1.1, 1.6). Step 2a: Evidence-based study of life reveals The Tree of Life, which Describes the evolutionary relationships among species (section 1.5, Ch 25, Unit 5). Step 2b: Evidence-based study of life focuses on Characteristics of living things, such as Cells, Replication, Information, Energy, and Evolution. (section 1.1, Text section where you can find more information). Step 3: Evidence-based study of life begins with Observations (planned or chance), Exploring the literature (BioSkills 16), Sharing ideas with other scientists, and Inspiration. Step 4: Observations (planned or chance), Exploring the literature, and Sharing ideas with other scientists lead to Defining a problem and forming a question, which may involve one or many levels of biological organization. Step 5: Levels of biological organization. From bottom to top, the organizational levels include an ATOM such as a Carbon atom, MOLECULE as a group of atoms, ORGANELLE such as a nucleus, CELL such as a neuron, TISSUE such as a group of neurons, ORGAN such as a group of tissues, ORGAN SYSTEM such as the central nervous system of an ant. MULTICELLULAR ORGANISM such as an ant, POPULATION such as a group of ants, COMMUNITY includes various species of ants in a forest, ECOSYSTEM includes a variety of organisms in a mountain region, and BIOSPHERE include a global ecosystem from the atmosphere to deep sea vents. Scientists regularly integrate across many of these levels. Step 6: Defining a problem and forming a question leads to Stating a hypothesis and a null hypothesis, and making predictions. Step 7: Stating a hypothesis and a null hypothesis, and making predictions leads to Designing a study (either observational or experimental) to test predictions. Step 8a: Designing a study may involve one or many levels of biological organization. Step 8b: Designing a study usually involves Characteristics of good experimental design such as Controls, Consistent experimental conditions, and Large sample sizes. (section 1.6). Step 8c: Designing a study leads to Gathering data. Step 9: Gathering data (in the form of histogram) leads to Analyzing and interpreting data (BioSkills 1–3, 6–11, 13). Step 10: Analyzing and interpreting data are evaluated by asking Do the data support the hypothesis? Step 11: If NO, then communicate findings, revisit assumptions of study during designing a study, and reject hypothesis; propose an alternative hypothesis. Step 12: If YES, relate to larger Theory, which includes Explains fundamental aspects of nature, Consistently shown to be correct after extensive testing, and Serves as a framework for developing new hypotheses (sections 1.1, 1.2). Step 13: Theory such as Cell theory 1.2, Chromosome theory of inheritance 1.3, Ch 14, and Theory of evolution 1.4, Ch 22. Step 14: If yes, then Communicate Findings to the Scientific community, Discussions with colleagues, Scientific meetings, and Peer-reviewed Publications (BioSkills 16) and to society. Scientific community enables Sharing ideas with other scientists. Society and theory provide inspiration.
      
    
          

        






Check Your Learning



	
PROCESS OF SCIENCE Describe how biologists go about testing their ideas.



	
understand Biologists design and carry out a study, either observational or experimental, to test their ideas. As part of this process, they state their ideas as a hypothesis and null hypothesis and make predictions. They analyze and interpret the data they have gathered, and determine whether the data support their ideas. If not, they revisit their ideas and come up with an alternative hypothesis and design another study to test these new predictions.






	Provide an example of how an experimental study could span more than one level of biological organization.



	
understand There are many possible examples. Consider, for example, the experiment on navigation in foraging desert ants (Chapter 1). In addition to testing how the ants use information on stride length and number to calculate how far they are from the nest (multicellular organism and population levels), researchers also could test how the “pedometer” works at the level of cells and molecules. 






	Compare and contrast a hypothesis with a theory.



	
analyze A hypothesis is a testable statement to explain a specific phenomenon or a set of observations. The word “theory” refers to proposed explanations for very broad patterns in nature that are supported by a wide body of evidence. A theory serves as a framework for the development of new hypotheses.






	
PROCESS OF SCIENCE Propose the next step to take if data support the hypothesis you are testing.



	
analyze The next step is to relate your findings to existing theories and the current scientific literature, and then to communicate your findings to colleagues through informal conversations, presentations at scientific meetings, and eventually publication in peer-reviewed journals.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          

          
          
              
                        [image: A meerkat stands next to a researcher. The researcher sits on the ground as he enters information into a notepad that balances on his knees.] 
              

          

          

          
            
          

        

BioSkills








          
          
              
                        [image: A flow chart outlines the topic of this book, which is learning the essential skills for doing biology. You will learn that BioSkills are essential for doing biology.] 
              

          

          

          
                          In this book, you will learn that BioSkills are essential for doing biology, starting with asking questions and designing studies. Chapter 1 introduces core principles and best practices. Big Picture 1 provides a visual summary of how to think like a biologist. The narrative throughout the text models how to think like a biologist, including end-of-chapter and end-of-unit case studies. Research boxes, graphs, and other visual models in each chapter help you to visualize scientific ideas. Then, using this BioSkills section to review and practice with, Quantifying Biology


	Using the Metric System and Significant Figures


	Reading and Making Graphs


	Interpreting Standard Error Bars and Using Statistical Tests


	Working with Probabilities


	Using Logarithms




Using Common Lab Tools


	Separating and Visualizing Molecules


	Separating Cell Components by Centrifugation


	Using Spectrophotometry


	Using Microscopy


	Using Molecular Biology Tools and Techniques


	Using Cell Culture and Model Organisms as Tools




Visualizing Biology


	Reading and Making Visual Models


	Reading and Making Phylogenetic Trees


	
Reading Chemical Structures

See 2, Reading and Making Graphs





Reading Biology


	Translating Greek and Latin Roots in Biology


	Reading and Citing Primary Literature




Quantifying biology, using common lab tools, visualizing biology, and reading biology Where success requires Monitoring Your Own Learning


	Recognizing and Correcting Misconceptions


	Using Bloom's Taxonomy for Study Success.



      
    
          

        





        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          BioSkills 1 Using the Metric System and Significant Figures







Learning Objectives



Demonstrate the quantitative skills needed to succeed in biology.







Scientists ask questions that can be answered by observing and measuring things—by collecting data. What units are used to make measurements? When measurements are reported, how can you tell how reliable the data are?






        

      

    


      
        
          
Metric System Units and Conversions




The metric system is the system of measure used in every country of the world but three (Liberia, Myanmar, and the United States). It is also the basis of the SI system—the International System of Units (abbreviated from the French, Système international d’unités)—used in scientific publications.




The popularity of the metric system is based on its consistency and ease of use. These attributes arise from the system’s use of base 10 for its units of measure. For example, each unit of length in the system is related to all other measures of length in the system by a multiple of 10. There are 10 millimeters in a centimeter, 100 centimeters in a meter, and 1000 meters in a kilometer.




Measures in the English system, in contrast, do not relate to each other in a regular way. For example, inches are routinely divided into 16ths; there are 12 inches in a foot, 3 feet in a yard, and 5280 feet (or 1760 yards) in a mile.




If you have grown up in the United States and are accustomed to using the English system, it is extremely important that you begin developing a working familiarity with metric units and values. Table B1.1 and Table B1.2 should help you get started with this process.









          
          
                Table B1.1
                Metric System Units and Conversions
              

            
          
              
                        [image: A table depicts metric system units and conversions.] 
              

          

          

          
                          

	Measurement
	Unit of Measurement and Abbreviation
	Metric System Equivalent
	Converting Metric Units to English Units



	Length
	kilometer (k m)
	1 kilometer equals 1000 meters equals 10 cubic meter
	1 km equals 0.62 mile



	meter (m)
	1 meter equals 100 centimeters
	1 meter equals 1.09 yards equals 3.28 feet equals 39.37inches



	centimeter (c m)
	1 centimeter equals 0.01 meters equals 110 to the negative 2 power meters
	1 centimeter equals 0.3937 inch



	millimeter (m m)
	1 millimeter equals 0.001 meters equals 10 to the negative 3 power meters
	1 millimeter equals 0.039 inch



	micrometer (mu m)
	1 micrometer equals 10 to the negative 6 power meters equals 10 to the negative 3 power millimeters
	



	nanometer (n m)
	1 nanometer equals 10 to the negative 9 power meters equals 10 to the negative 3 power micrometers
	



	Area
	hectare (h a)
	1 hectare equals 10,000 square meters
	1 hectare equals 2.47 acres



	square meter (m squared)
	1 square meter equals 10,000 square centimeter
	1 square meter equals 1.196 square yards



	square centimeter (c m squared)
	1 square centimeter equals 100 square millimeters equals 10 to the negative 4 power square meters
	1 square centimeter equals 0.155 square inch
	



	Volume
	liter (L)
	1 liter equals 1000 milliliters
	1 liter equals 1.06 quarts



	milliliter (m L)
	1 milliliter equals 1000 microliters equals 10 to the negative 3 power
	1 milliliter equals 0.034 fluid ounce



	microliter (mu L)
	1 microliter equals 10 to the negative 6 power liters
	



	Mass
	kilogram (k g)
	1 kilogram equals 1000 grams
	1 kilogram equals 2.20 pounds



	gram (g)
	1 gram equals 1000 milligrams
	1 gram equals 0.035 ounce



	milligram (m g)
	1 milligram equals 1000 micrograms equals 10 to the negative 3 grams 
	



	microgram (mu g)
	1 microgram equals 10 to the negative 6 grams
	



	Temperature
	Kelvin (K) super asterisk
	
	K equals degree C plus 273.15
	



	degrees Celsius (to the degrees power C)
	
	to the degrees power C equals StartFraction 5 over 9 EndFraction (to the degrees power F minus 32).



	degrees Fahrenheit (to the degrees power F)
	
	to the degrees power F equals (StartFraction 9 over 5 EndFraction multiplied by to the degrees power C) plus 32.




super asterisk Absolute zero is minus 273.15 degrees Celsius equals 0 Kelvin.
      
    
          

        

*Absolute zero is −273.15°C = 0 K.﻿









          
          
                Table B1.2
                Prefixes Used in the Metric System
              

            
          
              
                        [image: A table depicts prefixes used in the metric system.] 
              

          

          

          
                          

	Prefix
	Abbreviation
	10 to the nth power
	Decimal
	English expression



	pico-
	p
	10 to the negative twelfth power
	0.000000000001
	one trillionth



	nano-
	n
	10 to the negative ninth power
	0.000000001
	one billionth



	micro-
	mu
	10 to the negative sixth power
	0.000001
	one millionth



	milli-
	m
	10 to the negative third power
	0.001
	one thousandth



	centi-
	C
	10 to the negative second power
	0.01
	one hundredth



	deci-
	d
	10 to the negative first power
	0.1
	one tenth



	-
	-
	10 to the zeroth power
	1
	one



	deca-
	da
	10 to the first power
	10
	ten



	hecto-
	h
	10 squared
	100
	one hundred



	kilo-
	k
	10 cubed
	1000
	one thousand



	mega-
	M
	10 to the sixth power
	1,000,000
	one million



	giga-
	G
	10 to the ninth power
	1,000,000,000
	one billion



	tera-
	T
	10 to the twelfth power
	1,000,000,000,000
	one trillion



      
    
          

        

As an example, consider the following question: An American football field is 120 yards long, while rugby fields are 144 meters long. In meters, how much longer is a rugby field than an American football field? To solve this problem, first convert yards to meters:


[image: 120 up diagonal strike text yards end text end strike cross times fraction numerator text meters end text over denominator 1.09 up diagonal strike text yards end text end strike end fraction equals 110 text meters end text]


Note that the unit “yards” cancels out. The difference in meters is thus 144−110=34 m. If you did the unit conversion calculation on a calculator, you might have come up with 110.09 m. Why was the number of meters rounded off in the equation above? The answer lies in significant figures. Let’s take a closer look.







        

      

    


      
        
          
Significant Figures


Significant figures, or “sig figs,” are critical when reporting scientific data. The number of significant figures in a measurement, such as 3.524, is the number of digits that are known with some degree of confidence (3, 5, and 2) plus the last digit (4), which is an estimate or approximation. How do scientists know how many digits to include when reporting a measurement?


Rules for Working with Significant Figures


Here are the rules for counting significant figures in a reported measurement:



	
                  Nonzero numbers are always significant.

              

	
                  Embedded zeros (any zero between nonzero digits) are always significant.

              

	
                  Leading zeros (any zero preceding the first nonzero digit) are not significant; these zeros do nothing but set the decimal point.

              

	
                  Trailing zeros (any zero following the last nonzero digit) are significant only if the decimal point is specified. (Hint: Changing the number to scientific notation makes it easier to see “trailing” zeros that are significant.)

              




Table B1.3 shows examples of how to apply these rules. The bottom line? Significant figures indicate the accuracy of measurements.








          
          
                Table B1.3
                Rules for Working with Significant Figures
              

            
          
              
                        [image: A table depicts the rules for working with significant figures.] 
              

          

          

          
                          

	Rule
	Example
	Scientific Notation
	Number of Significant Figures



	Nonzero numbers are always significant.
	35,214
	3.5214 multiplied by 10 to the fourth power
	5



	Embedded zeros are always significant.
	1.035
	1.035 multiplied by (10 to the zero power)
	4



	Leading zeros are never significant.
	0.00352
	3.52 multiplied by 10 to the negative cube
	3



	Trailing zeros are significant only if the decimal point is specified.
	200 versus 200.0
	2 multiplied by 10 squared versus 2.000 multiplied by 10 squared
	1 versus 4



      
    
          

        






Using Scientific Notation


When dealing with numbers that are very large or very small, biologists use scientific notation. For example, instead of writing 0.0000000027, you could write this value as the product of two numbers: 2.7 (the digit term) and 10−9 (the exponential term), or 2.7×10−9. The digit term shows the number of significant figures. The exponential term places the decimal point. A negative exponent of value x shows that to write the number in long form, you will shift the decimal point x number of places to the left. A positive exponent shows that you will shift the decimal point x places to the right.


Precision versus Accuracy


If biologists count the number of bird eggs in a nest, they report the data as an exact number—say, 3 eggs. But if the same biologists are measuring the diameter of the eggs, the numbers will be inexact. Just how inexact depends on the equipment used to make the measurements.


If you measure the width of a textbook with a ruler several times, you’ll get more or less the same measurement again and again. See Figure B1.1 for a graphical representation of this idea. Precision refers to how closely individual measurements agree with each other.








          
          
                Figure B1.1
                Precision versus Accuracy in Measurement.
              

            
          
              
                        [image: Four graphs that compare low and high values demonstrate Precision versus Accuracy in Measurement.] The dashed line shows the correct value (in the text example, the actual width of your textbook). The red dots indicate measurements made over time.

 
              

          

          

          
                          A line of four graphs shows measurements over time, for example, the actual width of a textbook. A horizontal dashed line runs from the halfway point of the y axes through all four graphs and represents the correct value line. There are 9 red dots to indicate measurements over time on each graph. The data from the graphs are as follows.


	Graph 1. Precision, High. Accuracy, High. The plot for each dot is on the correct value line or close to the line. The dots nearly form a horizontal line about halfway up the y-axis.


	Graph 2. Precision, Low. Accuracy, High. The plot for each dot fluctuates from slightly above, to slightly below, and on the correct value line.


	Graph 3. Precision, High. Accuracy, Low. The plot for each dot is above the correct value line, approximately two-thirds the height of the y-axis, with slight fluctuations in incorrect value.


	Graph 4. Precision, Low. Accuracy, Low. The plot for each dot is below the correct value line with fluctuations that show large increases and decreases in the incorrect values.



      
    
          

        






You may have determined the book’s width with precision, but how do you know if your ruler is accurate? Accuracy refers to how closely a measured value agrees with the correct value. You don’t know the accuracy of a measuring device unless you calibrate it. For instance, you could calibrate your ruler by comparing it against a ruler that you know is accurate. As the sensitivity of equipment used to make a measurement increases, the number of significant figures increases. For example, if you used a kitchen scale to weigh some sodium chloride, you might obtain a weight of 3±1 g (an accuracy of 1 significant figure); but an analytical balance in the lab might give a value of 3.524±0.001  g (an accuracy of 4 significant figures).


It is important to follow the “sig fig rules” when reporting a measurement, so that data do not appear to be more accurate than the equipment allows.


Combining Measurements


How do you deal with combining measurements with different degrees of accuracy and precision? A simple rule to follow when combining measurements is that the accuracy of the final answer can be no greater than the least accurate measurement (the measurement with the least significant figures).


When you add or subtract measurements, the number of significant figures doesn’t matter. The only digit that matters is the last one—the digit furthest to the right. The answer can have no more decimal places than the least accurate measurement. For example, consider adding these three measurements: 5.9522, 2.065, and 3.6. If you add these numbers with your calculator, it gives you the answer 11.6172. But this is incorrect—now you must round your answer off to 11.6, which has one decimal place, the least number of decimal places in your data. Note that your rounded answer, in this case, has three significant figures, while your least accurate starting measurement had only two significant figures.


When you are multiplying or dividing measurements, on the other hand, the number of significant figures does matter. Multiplying significant figures will always result in a solution that has the same significant figures as the smallest significant figures you started with. When you multiply or divide measurements, the answer can have no more significant figures than the least accurate measurement. For instance, if you multiply 4.168×5.3, your calculator will give you 22.0904. But since 4.268 has four significant figures and 5.3 has two significant figures, your solution must only have two significant figures. So, the solution will be 22 instead of 22.0904.


It is important to practice working with metric units and scientific notation, and with nailing down the concept of significant figures. The Check Your Learning questions in this BioSkills should help you get started with this process.








Check Your Learning



	
                  QUANTITATIVE Calculate how many miles a runner completes in a 5.0-kilometer run.

              


	
apply 5.0 km×0.62 mile/km = 3.1 miles.






	
QUANTITATIVE Calculate your normal body temperature in degrees Celsius. (Normal body temperature is 98.6°F.)



	
apply﻿ 5/9 (98.6°F − 32) = 37°C.﻿







	
                  QUANTITATIVE Calculate your current weight in kilograms.

              


	
apply  Multiply your weight in pounds by 1 kg/2.2 pounds (0.45).﻿







	
                  QUANTITATIVE Rewrite the following two numbers, using scientific notation: 0.00000092 and 23,000,000.

              


	
apply﻿ 9.2×10−7; ﻿2.3 ×107.﻿






	
QUANTITATIVE Multiply the measurements 2.8723 and 1.6. How many significant figures does your answer have? Why?



	
apply﻿ The answer (4.6) has 2 significant figures. When you multiply, the answer can have no more significant figures than the least accurate measurement—in this case, 1.6.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 2 Reading and Making Graphs




There’s a reason graphs are the most common way to report data. Compared to reading raw numerical values in a table or list, graphs make it much easier to understand what the data mean.




Learning how to read and interpret graphs is one of the most basic skills you’ll need to acquire as a biology student. As when learning piano or soccer or anything else, you need to understand a few key ideas to get started and then have a chance to practice—a lot—with some guidance and feedback. At the same time, you’ll be developing the skills you need to make your own graphs.







        

      

    


      
        
          
Getting Started




To start reading a graph, you need to do three things: read the axes, figure out what the data points represent—that is, where they came from—and think about the overall message of the data. Let’s consider each step in turn.




What Do the Axes Represent?




Most graphs have two axes: one horizontal and one vertical. The horizontal axis of a graph is called the x-axis. The vertical axis of a graph is called the y-axis. Each axis represents a variable that takes on a range of values. These values are indicated by the tick marks and labels on the axis. Note that each axis should always be clearly labeled with the unit or treatment it represents.




Figure B2.1 shows the steps in reading a graph where continuous data are plotted against each axis. Continuous data report an array of values over a range. In contrast, discrete data report only a restricted set of values. To grasp the difference, consider a graph of the average height of students in your class; in such a graph, height is a continuous variable, but each individual student is a discrete variable.





          
          
                Figure B2.1
                Scatterplots Are One Way to Graph Continuous Data.
              

            
          
              
                        [image: A 3-part figure depicts the Scatterplots are one way to graph continuous data. Three graphs provide the steps to read a scatterplot.] 
              

          

          

          
                          The three graphs show the steps in reading a graph where continuous data are plotted against each axis to show how the protein content in corn kernels in a study population changed over time. The steps are, Read the axes, Look at the data points, or bars, and What’s the punch line? The graphs for each step and data are as follows.


	Read the axes. What is being plotted? A graph shows two intersecting axes, one vertical and one horizontal. Values on the vertical Y axis, ordinate, depend on values on the horizontal X axis, abscissa. The X axis is generation, ranging from 0 to 100 with intervals of 10 units, and the Y axis is average percent protein, ranging from 0 to 35 with intervals of 5 units.


	Look at the data points, or bars. What do they represent? The graph from part a now shows a single point, found at the intersection of 20 on the X-axis and 15 on the Y-axis. This data point means that in the twentieth generation of this experiment, an average kernel in the study population was about 15 percent protein.


	What’s the punch line? The graph now shows 100 data points, one per generation, that increase from about 10 percent protein at generation 0 to about 27 percent protein at generation 100. A line fit to the data points also zigzags up and down between generation intervals, meaning that over the 100 generations represented here, average percent protein fluctuated from generation to generation but generally increased.



      
    
          

        



To create a graph, researchers plot the independent variable on the x-axis and the dependent variable on the y-axis (see Figure B2.1a). The terms “independent” and “dependent” are used because the values plotted on the y-axis depend on the x-axis values. In this figure, the researchers wanted to show how the protein content of maize (corn) kernels in a study population changed over time. Thus, the protein concentration plotted on the y-axis depended on the generation plotted on the x-axis. The value on the y-axis always depends on the value on the x-axis, but not vice versa.




In many graphs in biology, the independent variable is either time or the various treatments used in an experiment. In these cases, the y-axis records how some quantity changes as a function of time or as the outcome of the treatments applied to the experimental cells or organisms.




What Do the Data Points Represent?




Once you’ve read the axes, you need to figure out what each data point is. In our maize kernel example, the data point in Figure B2.1b represents the average percentage of protein [image: open parentheses text 15 percent end text close parentheses] found in a sample of kernels from a study population in a particular generation (the 20th).




If it’s difficult to figure out what the data points are, ask yourself where they came from—meaning how the researchers got them. You can do this by understanding how the study was done and by understanding what is being plotted on each axis. The y-axis will tell you what the researchers measured; the x-axis will usually tell you when they measured it or what group they measured. In some cases—for example, in a plot of average body size versus average brain size in primates—the x-axis will report a second variable that was measured.




In other cases, graphed data may represent a relative or arbitrary unit of measurement, such as the amount of gene expression relative to a control, with the control set at an arbitrary value of 1.0 (for an example, see Ch. 19, Figure 19.6). A data point may show the ratio of the amount of a substance, intensity, or other quantity, relative to a predetermined reference measurement. For example, the y-axis might show the percentage of relative activity of an enzyme—the rate of the enzyme-catalyzed reaction, scaled to the highest rate of activity observed [image: open parentheses text 100 percent end text close parentheses]—in experiments conducted under conditions that are identical except for one variable, such as pH or temperature (see Ch. 8, Figure 8.16).




What Is the Overall Trend or Message?




Look at the data as a whole, and figure out what they mean. Figure B2.1c suggests an interpretation of the maize kernel example. If the graph shows how some quantity changes over time, ask yourself if that quantity is increasing, decreasing, fluctuating up and down, or staying the same. Then ask whether the pattern is the same over time or whether it changes over time.




When you’re interpreting a graph, it’s extremely important to limit your conclusions to the data presented. Don’t extrapolate beyond the data, unless you are explicitly making a prediction based on the assumption that present trends will continue. For example, you can’t say that the average percentage of protein content was increasing in the population before the experiment started, or that it will continue to increase in the future. You can say only what the data tell you.







        

      

    


      
        
          
Types of Graphs




Many of the graphs in this text are scatterplots like the one shown in Figure B2.1c. But you will also see other types of graphs in this text. When creating your own graphs, you’ll want to think carefully about which type of graph is the most appropriate to use for a particular data set.




Scatterplots, Lines, and Curves




Some scatterplots, like the one in Figure B2.1c, have data points that are connected by dot-to-dot lines to help make the overall trend clearer. In other scatterplots, the data points are unconnected or have a smooth line drawn through them.




A smooth line through data points—sometimes straight, sometimes curved—is a “line of best fit.” It represents a mathematical function that summarizes the relationship between the x and y variables. It is “best” in the sense of fitting the data points most accurately. The line may intersect with some of the points, none of the points, or all of the points.




Curved lines often take on characteristic shapes depending on the relationships between the x and y variable. For example, bell-shaped curves typically fit data from studies on enzyme kinetics (Ch. 8, Section 8.3), while sigmoid, or S-shaped, curves fit data from many studies on oxygen–hemoglobin dissociation (Ch. 42, Section 42.4) and population growth (Ch. 51, Section 51.3).




Bar Charts, Histograms, and Box-and-Whisker Plots




Scatterplots, or line-of-best-fit graphs, are the most appropriate type of graph when the data have a continuous range of values and you want to show individual data points. But other types of graphs are used to represent different types of data distributions:





	
                  Bar charts plot data that have discrete or categorical values instead of a continuous range of values. In many cases the bars might represent different treatment groups in an experiment, as in Figure B2.2a. To interpret the graph, ask yourself how different the values are. If the bar chart reports means (averages) over discrete ranges of values, ask what trend is implied—as you would for a scatterplot.

              

	
                  Histograms illustrate frequency data and can be plotted as numbers or percentages. Figure B2.2b shows an example where height (in inches) is plotted on the x-axis, and the number of students in a population in the United States is plotted on the y-axis. Each bar indicates the number of individuals in each interval of height, which reflects the relative frequency, in this population, of people whose heights are in that interval. The measurements could also be recalculated so that the y-axis reported the percentage of the population in each interval. Then the total percentage for all the bars would equal 100 percent. Note that if you were to draw a smooth curve connecting the tops of the bars in this histogram, the curve would be roughly bell shaped. To interpret a histogram, ask whether there is a “hump” in the data—indicating a group of values on the x-axis that are more frequent than others. If so, what does it mean? Is the hump in the center of the distribution of values, toward the left, or toward the right? When the hump is in the center of the distribution of values, the bell-shaped curve is referred to as a “normal distribution.”

              

	
                  Box-and-whisker plots allow you to easily see where most of the data in a test set fall (see Ch. 1, Figure 1.11 for an example). Each box indicates where half of the data numbers are. The whiskers indicate the lower extreme and the upper extreme of the data. The vertical line inside each box indicates the median—meaning that half of the data are greater than this value and half are less. To interpret a box-and-whisker plot, ask yourself what information the graph gives you. What is the range of values for the data? Where are half the data points? Below what value is three quarters of the data?

              

	
                  Dot plots are used to represent small amounts of data—typically a sample size of less than 50—in the form of dots or small circles. One axis shows the range of values or categories along which the data points are grouped, and the second axis shows the number of data points in each group. A dot plot gives you a visual depiction of the distribution of the data, highlighting clusters and gaps in the data points, as well as any outliers (see Ch. 48, end-of-chapter Case Study). If you tried to make a dot plot from a larger data set, you might find that your dot plot would appear too cluttered. In such a case, a bar graph, histogram, or box-and-whisker plot might be a better choice.

              







          
          
                Figure B2.2
                Bar Charts and Histograms.
              

            
          
              
                        [image: Two graphs show data using either a Bar Chart or a Histogram for two different studies.] (a) Bar charts are used to graph data that are discontinuous or categorical. (b) Histograms show the distribution of frequencies or values in a population.

 
              

          

          

          
                          Part (a). Bar chart. Diagram a shows a bar chart that provides the relative fitness of female steel-headed trout on the y-axis ranging from 0 to 1.0, with intervals of 0.2 units within 3 different treatments, Treatment 1, Treatment 2, and Treatment 3 on the x-axis. The data from the graph are as follows. All values are approximated.


	Treatment 1, 1.0.


	Treatment 2, 0.8.


	Treatment 3, 0.4.




Over the three treatments represented here, the average relative fitness of female steel-headed trout decreased from treatment to treatment.

Part (b). Histogram. Diagram b shows a histogram that provides the height in inches on the x-axis ranging from 58 to 74 with intervals of 2 units, and the number of students in a population in the United States on the y-axis ranging from 0 to 30 with intervals of 5 units. Each bar indicates the number of individuals in each interval of height. The data from the histogram are as follows. All values are approximated.


	58 inches, 2 students.


	59 inches, 0 students.


	60 inches, 0 students.


	61 inches, 1 student.


	62 inches. 5 students.


	63 inches, 7 students.


	64 inches, 7 students.


	65 inches, 23 students.


	66 inches, 26 students.


	67 inches, 27 students.


	68 inches, 28 students.


	69 inches, 16 students.


	70 inches, 11 students.


	71 inches, 16 students.


	72 inches, 4 students.


	73 inches, 4 students.


	74 inches, 2 students.




The hump in the data runs from the bars that represent 66 inches to 68 inches.
      
    
          

        



In all types of graphs, statistical tests can be used to determine whether a difference between treatment groups, or a difference in the relationship between two continuous ranges of values, is “significant.” If differences are statistically significant (see BioSkills 3), it means they are not likely to have occurred by chance, but rather are likely to be attributable to a specific variable.







        

      

    


      
        
          
Getting Practice


Working with this textbook will give you lots of practice reading and interpreting graphs—they appear in almost every chapter. In many graphs, gray arrows and labels have been added to suggest an interpretation or draw your attention to an important point on the graph. In other graphs, you should be able to figure out what the data mean on your own or with the help of other students or your instructor.








Check Your Learning



	
                  QUANTITATIVE Refer to Figure B2.1 and determine the total change in average percentage of protein in maize kernels, from the start of the experiment until the end.

              


	
apply﻿ About 18 percent.






	
QUANTITATIVE Determine the trend in average percentage of protein in maize kernels between generation 37 and generation 42 in Figure B2.1.



	
apply A dramatic drop (almost 10 percent).﻿






	Explain whether the conclusions from the bar chart in Figure B2.2a would be different if the data and label for Treatment 3 were put on the far left and the data and label for Treatment 1 on the far right.



	
analyze﻿ No, they would not be different. Because the data values in a bar chart are discrete or categorical rather than continuous, their order of presentation does not matter (though it’s convenient to arrange the bars in a way that reinforces the overall message).






	
                  QUANTITATIVE Determine the most common height in the class graphed in Figure B2.2b. Convert your answer to centimeters (cm).

              


	
apply﻿ The most common height is 68 inches. 68 inches × 2.54 cm/inch = 170 cm.





	
MODEL Make a bar graph from the data in this table that shows how 16 children with central nervous system leukemia responded to treatment with the anti-tumor drug topotecan. Being free of leukemia was considered a complete response. Which is the dependent variable? Which is the independent variable?





          
          
              
                        [image: A table depicts the data for 16 children with central nervous system leukemia responded to treatment with the anti-tumor drug topotecan.] 
              

          

          DATA: S. L. Potter et al. 2012. Pediatric Blood Cancer 58: 362–365.



          
                          

	Response
	Percentage of Children



	Complete response
	37.5



	Stable disease
	50



	Progressive disease
	12.5



      
    
          

        

	
apply﻿ The dependent variable is the percentage of children. The independent variable is the type of response. See Figure AB.1.









        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 3 Interpreting Standard Error Bars and Using Statistical Tests




When biologists do an experiment, they collect data on individuals or samples in a treatment group and a control group, or several such comparison groups. Then they typically test whether the mean (average) values of the dependent variable are different in two (or more) of the groups.







        

      

    


      
        
          
Standard Error Bars




For example, in one experiment, student researchers measured how fast a product formed when they set up a reaction with three concentrations of reactants (see Ch. 8, Figure 8.4). Each treatment—meaning each combination of reactant concentrations—was replicated many times.




Figure B3.1 graphs the mean reaction rate for each of the three treatments in the students’ experiment. Note that Treatments 1, 2, and 3 represent increasing concentrations of reactants. The thin “I-beams” at the top of each bar indicate the standard error of each mean. The standard error of the mean is a quantity that indicates the uncertainty in a calculated mean. In effect, it quantifies how confident you are that the mean you’ve calculated is the mean you’d observe if you did the experiment under the same conditions an extremely large number of times. It is a measure of precision (see BioSkills 1).





          
          
                Figure B3.1
                Standard Error Bars Indicate the Uncertainty in a Mean.
              

            
          
              
                        [image: Standard Error Bars indicate the uncertainty in a mean.] 
              

          

          

          
                          The bar graph shows the reaction rate, start fraction 1 over time end fraction in minutes to completion, on the y-axis with intervals 0, 2, 3, 4, 6, 8, 10, 12. Three treatments show bars on the x-axis as Treatment 1, Treatment 2, and Treatment 3. Each bar also has error bars, or I beams. The data from the graph are as follows. All values are approximated.


	Treatment 1, 2. I beam from 2 to 2.


	Treatment 2, 2.8. I beam from 2.8 to 2.9.


	Treatment 3. 11. I beam from 10 to 12.




Three asterisks mean the P value is less than 0.001. Three asterisks above and between Treatment 1 and Treatment 2 include data from both treatments. Three asterisks above and between Treatment 2 and Treatment 3 include data from both treatments. S E M equals start fraction S D over the square root of start expression sample size end expression end fraction.
      
    
          

        



Note that sometimes error bars represent the confidence interval of the mean. Typically, researchers state in a graph’s caption what the error bars represent. A confidence interval gives an estimated range of values that is likely to include the population parameter being studied, such as the survival rate of animals after exposure to a pathogen. The estimated range is calculated from a given set of sample data. A 95 percent confidence level means that 95 percent of the confidence intervals would include the population parameter.




You might also have heard the term “standard deviation.” How does standard deviation differ from standard error? When biologists calculate the standard deviation of a sample, they are using it as an estimate of the variability of the population that the sample was taken from. For data with a normal distribution, about 95 percent of individuals will have values within two standard deviations of the mean. The standard deviation will not tend to change as sample size increases.




In contrast, the standard error of the mean (SEM) depends on both the standard deviation (SD) and the sample size:




SEM=SDsample size




The standard error of the mean decreases as the sample size increases, because the extent of chance variation is reduced.




Let’s consider again the experiment carried out by the student researchers (see Figure B3.1). Suppose two trials with the same concentration of reactants had a reaction rate of 0.075, and two other trials had a reaction rate of 0.025. The mean reaction rate of all four trials would be 0.050. In this case, the standard error would be large. But what if two trials had a reaction rate of 0.051 and two had a reaction rate of 0.049? The mean would still be 0.050, but the standard error would be small.




After calculating these means and standard errors, the student researchers wanted to answer a question: Does reaction rate increase when reactant concentration increases? In looking at the data, you might conclude that the answer is yes. But how could you conclude this objectively, instead of subjectively? The answer is to use a statistical test to determine, for example, whether the difference between the rate at the highest reactant concentration and the rate at the lowest reactant concentration is significant. If the difference is found to be statistically significant, then it is not likely to have occurred by chance—it’s likely to be attributable to the change in reactant concentration. Let’s take a closer look at using and interpreting statistical tests.







        

      

    


      
        
          
Using Statistical Tests




If you take a statistics course, you’ll learn which statistical tests are most appropriate for analyzing different types of data. Three commonly used statistical tests are the chi-square test, t-test, and analysis of variance. Other tests examine correlation and regression:





	
                  Chi-square tests are used to compare observed data with data you would expect to obtain according to a specific hypothesis. For example, if, according to Mendel’s principles (Ch. 14, Sections 14.2 and 14.3), you expected equal numbers of male and female offspring from a cross of fruit flies, but you observed 9 males and 23 females, you might want to know whether the difference between the observed and expected numbers was due to chance or to other factors. How much of a difference can occur before you must conclude that something other than chance is at work? The chi-square test always tests the null hypothesis (Ch. 1, Section 1.6), which states that there is no significant difference between the observed and expected results.

              

	
                  T-tests are used to determine if there is a significant difference between the mean values of two groups, such as the mean body sizes of mainland and island tortoises (Ch. 39, end-of-chapter Case Study). In this case, the null hypothesis would be that there is no significant difference between the means of the two data sets.

              

	
                  Analysis of variance (ANOVA) compares the means of two or more sets of data by calculating how widely individual values in each data set vary. If they vary greatly from the mean, the variance is large, and vice versa. When applied to only two data sets, ANOVA will give the same result as a t-test. ANOVA is a powerful statistical test because it allows you to test for each factor while controlling for others and to detect whether one variable affects another. For example, if you were comparing the activity of a particular enzyme in mainland and island tortoises, you might want to determine whether sex affects enzyme activity, so you could also separate the data sets by sex.

              

	
                  Correlation analysis is done when a researcher wants to know whether there is a relationship or correlation between two variables and, if so, is it positive (positive slope) or negative (negative slope). For example, when patients are given increasing amounts of a drug, does their blood pressure increase or decrease proportionally? Correlation is a way to express the relationship between two variables.

              

	
                  Regression analysis is done when a researcher wants to evaluate the scatter of data points around a “line of best fit” (see BioSkills 2) in a graph, to determine how well the data fit that line. Does the best-fit line account well for changes in the dependent variable? When a best-fit line accounts for more of the variance, the data points are closer to the line. There are several “goodness-of-fit” statistics for regression analysis. One commonly used statistic is called R-squared (R2). R2 evaluates the scatter of the data points around a fitted line. R2 is always between zero and one hundred percent. In general, the higher the R2, the better the line fits your data. A line that accounts for none of the variation in the dependent variable around its mean would have an R2 value of zero percent. A line that accounts for all of the variation in the dependent variable around its mean would have an R2 value of 100 percent. In Figure B3.2, the R2 for the line of best fit on the left, where the data points are highly scattered, is 15 percent. For the line of best fit on the right, where the data points are tightly clustered, R2 is 85 percent. Even if you have a low R2 value, when the independent variables are statistically significant, you may still be able to draw important conclusions about the relationships between the variables.

              







          
          
                Figure B3.2
                 R2 Evaluates the Scatter of the Data Points around a Line of Best Fit.
              

            
          
              
                        [image: A diagram of R squared evaluates the scatter of the data points around a line of best fit.] 
              

          

          

          
                          The diagram provides a regression analysis to evaluate the scatter data points around a line of best fit in two graphs. The R squared for the line of best fit on the left is 15 percent and shows numerous data points that are highly scattered above and below the line of best fit. The R squared for the line of best fit on the right is 85 percent and shows numerous data points in a tight cluster, on and around the line of best fit.
      
    
          

        



You’ll likely do statistical tests early in your undergraduate career. To use this textbook, though, you need to know only what statistical testing does and how to interpret a test statistic—a number that characterizes the size of the difference among the data sets.







        

      

    


      
        
          
Interpreting Differences: P Values and Statistical Significance




How do you use a statistical test to determine if differences are significant? Let’s return to the experiment shown in Figure B3.1 and work through a three-step process:





	
                  Specify the null hypothesis, which is that reactant concentration has no effect on reaction rate.

              

	
                  Calculate a test statistic. In this experiment, the test statistic compares the actual differences in reaction rates at the three reactant concentrations to the difference predicted by the null hypothesis. The null hypothesis predicts that there should be no difference.

              

	
                  Determine the probability (see BioSkills 4) of getting by chance a test statistic at least as large as the one calculated. This probability, called the 
P value, comes from a reference distribution—a mathematical function that specifies the probability of getting various values of the test statistic if the null hypothesis is correct. The P value is the estimated probability of rejecting the null hypothesis when that hypothesis is correct. For example, a P value of 0.01 means that there is a 1 percent chance that the null hypothesis has been rejected when it is actually correct. One percent is considered a very small chance of making such an error; thus, very small P values indicate that researchers have high confidence in the significance of differences in their data.

              






By convention, most researchers consider a difference among treatment groups to be statistically significant if there is less than a 5 percent probability (P) of observing it by chance, or P<0.05. When presenting P values in the scientific literature, researchers often use an asterisk rating system as well as quoting the P values (Table B3.1).








          
          
                Table B3.1
                Asterisk Rating System for  P Values and Statistical Significance
              

            
          
              
                        [image: A table depicts the asterisk data system for P Values and Statistical Significance.] 
              

          

          

          
                          

	P Value
	Asterisk Rating
	Statistical Significance Level
	Meaning



	P greater than 0.05
	None
	Not significant
	Greater than a 1 in 20 chance of being wrong (i.e ., incorrect rejection of the null hypothesis)



	P less than 0.05
	superscript asterisk
	Statistically significant
	Less than a 1 in 20 chance of being wrong



	P less than 0.01
	superscript double asterisks
	Statistically significant
	Less than a 1 in 100 chance of being wrong



	P less than 0.001
	superscript triple asterisks
	Statistically significant
	Less than a 1 in 1000 chance of being wrong



      
    
          

        






You are very likely to see small differences among treatment groups just by chance. If you flipped a coin ten times, for example, you are unlikely to get exactly five heads and five tails, even if the coin is fair. A reference distribution tells you how likely you are to get, by chance, each of the possible outcomes, such as six heads and four tails.


In the case of the student researchers’ experiment (see Figure B3.1), the reference distribution indicated that if the null hypothesis of no difference in reaction rates is correct, you would see differences at least as large as those observed only 0.01 percent of the time by chance [image: inline style open parentheses P less than 0.0001 close parentheses]. Because 0.0001 is less than 0.05, the students were able to conclude that the null hypothesis—that reactant concentration has no effect on reaction rate—is not correct. According to their data, the reaction they studied really does happen more rapidly when reactant concentration increases.


What does a result that is not statistically significant mean (P>0.05)? You can conclude that no effect of the treatment was detected in the experiment. However, this doesn’t necessarily mean there was no underlying effect. If the sample size in a study is small—particularly in a population with lots of natural variability—researchers may not detect an effect of a particular treatment, even when an effect is actually there.


When reading graphs in this text, you should take care to inspect the standard error bars. As a very rough rule of thumb, means often turn out to be significantly different, according to an appropriate statistical test, if there is no overlap between two times the standard errors. But when you are asked to make conclusions about the significance of data shown in a graph, you will be provided with P values to interpret.







        

      

    


      
        
          
Evaluating Causation versus Correlation


If the results of an experiment show that data are significantly different between a control and treatment groups, you might be tempted to conclude that one variable caused the observed effect; for example, that consuming lots of trans fat causes heart disease (Ch. 6, end-of-chapter Case Study). But when interpreting the implications of the data, biologists must also evaluate whether the results identify the cause of an observed effect or only show a correlation. A correlation might be coincidental, or it might be due to a third factor, or multiple factors. In the case of heart disease, you would need to consider an individual’s age, weight, whether they exercise regularly, genetic factors, and so on.


Causation means that one event is responsible for the occurrence of the other (e.g., studying and doing well on your biology exam), while correlation means that two events appear to occur together (wearing your lucky hat and doing well on a biology exam). The key insight? Correlation does not imply causation.








Check Your Learning


	
                  QUANTITATIVE Determine which of the following tests used to estimate the average height of individuals in a class is likely to have the smaller standard error, and why.

              



	
	Test 1: Measuring the height of two individuals chosen at random


	Test 2: Measuring the height of every student who showed up for class on a particular day







	
analyze Test 2, the estimate based on the larger sample, is likely to have a smaller standard error. The more replicates or observations you have, the more precise your estimate of the average should be.




	
                  Interpret data from a recent study in which researchers investigated the evolution of sweet taste perception in hummingbirds. Captive hummingbirds were presented with a control solution (sucrose) and a test solution (either water, the artificial sweetener aspartame, or erythritol, a substance that stimulates the sweet taste receptor). The length of time the birds spent drinking each solution was recorded. What can you conclude from the data shown in the graph below? (Hint: Consult Table B3.1 on the asterisk rating system for P values.)

              




          
          
              
                        [image: A double bar graph indicates the sweet taste perception of hummingbirds within three different tests.] 
              

          

          DATA: M. W. Baldwin et al. 2014. Science 345: 929–933.



          
                          The double bar graph provides the time spent drinking in seconds for hummingbirds that were presented with a control (sucrose) solution and a test solution within three different tests. The y-axis is time spent drinking in seconds, ranging from 0 to 3.5, with tick marks at 1.5 and 2.5. The x-axis has bars for the three different test solutions, water test, aspartame test, and erythritol test. Each bar also has error bars, or I beams. The data from the graphs are as follows. All values are approximated.


	Water test. 0.5. Test solution. I beam from 0.4 to 0.6. Control solution, 2.5. I beam from 2.0 to 3.4.


	Aspartame test. Test solution. 0.4. I beam from 0.3 to 0.7. Control solution, 2.3. I beam from 1.5 to 2.7.


	Erythritol test. Test solution, 1.9. I beam from 1.5 to 2.3. Control solution, 1.7. I beam from 1.4 to 2.7




Three asterisks are above both bars of the water test solutions data. Three asterisks are above both bars of the aspartame test solutions data.
      
    
          

        

	
analyze The hummingbirds displayed a statistically significant preference for sucrose over both water and aspartame (*** means P<0.001), but they consumed solutions of sucrose and erythritol with equal preference (no asterisk means no significant difference).









        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 4 Working with Probabilities




What is probability? Probability is the chance or likelihood that an event will occur or that a hypothesis or scientific prediction is correct. In biology, two examples of using probability are to evaluate the significance of experimental results and to predict the outcome of genetic crosses.




To answer certain questions, biologists sometimes need to combine the probabilities of different events. You’ll encounter examples of this when you solve genetics problems (Ch. 14, Section 14.2) and analyze changes in allele frequencies using the Hardy–Weinberg principle (Ch. 23, Section 23.1).




Two fundamental rules apply when combining probabilities. Each rule pertains to a distinct situation.







        

      

    


      
        
          
The “Both-And” Rule




The both-and rule—also known as the product rule or multiplication rule—applies when you want to know the probability of two or more independent events occurring together. Let’s use the rolling of two dice as an example. What is the probability of rolling two sixes? These two events are independent, because the probability of rolling a six on one die has no effect on the probability of rolling a six on the other die.




The probability of rolling a six on the first die is 16. The probability of rolling a six on the second die is also 16. The probability of rolling a six on both dice, then, is 16×16 =136. In other words, if you rolled two dice 36 times, on average you would expect to roll two sixes once.




In the case of a cross between two parents heterozygous for the R gene (genotype Rr), the probability of getting a gamete (egg or sperm) with allele R from one parent has no effect on the probability of getting a gamete with allele R from the other parent. Gametes fuse randomly. The probability of a child getting allele R from the sperm is 12, and the probability of the child getting allele R from the egg is 12. Thus, the probability of getting both R alleles and having the genotype RR is 12×12 =14.







        

      

    


      
        
          
The “Either-Or” Rule


The either-or rule—also known as the sum rule or addition rule—applies when you want to know the probability of an event happening when there are two or more alternative ways for that event to occur. In this case, the probability that the event will occur is the sum of the probabilities of each way that it can occur.


For example, suppose you wanted to know the probability of rolling either a one or a six when you toss a die. The probability of rolling each number is 16 so the probability of rolling one or the other is 16+16=13. If you rolled a die three times, on average you’d expect to roll a one or a six once.


In the case of a cross between two parents heterozygous for the R gene, the probability of a child getting an R allele from the sperm and an r allele from the egg is 12×12=14. Similarly, the probability of a child getting an r allele from the sperm and an R allele from the egg is 12×12=14. Thus, the combined probability of getting the Rr genotype in either of the two ways is 14+14=12.








Check Your Learning



	
                  QUANTITATIVE Calculate the probability of getting four “tails” if four students each toss a coin.

              


	
apply﻿ 1/2×1/2×1/2×1/2 = 1/16







	
QUANTITATIVE Calculate the probability of getting a two, a three, or a six after a single roll of a die.



	
apply﻿ 1/6 + 1/6 + 1/6 = 1/2












        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 5 Using Logarithms


You will encounter logarithms at several points in this text. Logarithms are a way of working with powers—numbers that are multiplied by themselves one or more times.


Logarithms are useful when you are studying something that can have a large range of values, like the concentration of hydrogen ions in a solution or the intensity of sound that the human ear can detect. In cases like these, it’s convenient to express the numbers involved using exponents. Using exponents makes a large range of numbers more manageable. For example, instead of saying that the hydrogen ion concentration in a solution can range from 0 to 10−14, the logarithmic pH scale allows you to simply say that it ranges from 0 to 14. Instead of giving the actual value, the pH scale expresses a concentration in terms of an exponent.


Scientists use exponential notation to represent powers. For example,


ax=y


means that if you multiply a by itself x times, you get y. In exponential notation, a is called the base and x is called the exponent. The entire expression is called an exponential function.


What if you know y and a, and you want to know x? This is where logarithms come in. You can solve for exponents by using logarithms:


x=logay


This equation reads that x is equal to the logarithm of y to the base a. Logarithms are a way of working with exponential functions. They are important because so many processes in biology (and in chemistry and physics, for that matter) are exponential. To understand what’s going on, you have to describe the process with an exponential function and then use logarithms to work with that function.


Although a base can be any number, most scientists use just two bases when they employ logarithmic notation: 10 and e (sometimes called Euler’s number after Swiss mathematician Leonhard Euler). What is e? It is the limit of (1+1/n)n as n tends to infinity. Mathematicians have shown that the base e is an irrational number (like π) that is approximately equal to 2.718. Like 10, e is just a number; 100=1 and, likewise, e0=1. Both 10 and e have qualities that make them convenient bases to use in science.


Logarithms to the base 10 are so common that they are usually symbolized in the form log y instead of log10 y. A logarithm to the base e is called a natural logarithm and is symbolized as ln (pronounced EL-EN) instead of log. You write “the natural logarithm of y” as ln y.


Most scientific calculators have keys that allow you to solve problems involving base 10 and base e. For example, if you know y, they’ll tell you what log y or ln y are—meaning that they’ll solve for x in our first example equation. They’ll also allow you to find a number when you know its logarithm to base 10 or base e. Stated another way, they’ll tell you what y is if you know x, and y is equal to ex or 10x. This process is called finding an antilog. In most cases, you’ll use the inverse or second function button on your calculator to find an antilog (above the log or ln key).


To get some practice using a scientific calculator, consider this equation:


102=100


If you press the calculator’s “log” function key, enter 100, and then press the “equals” key, the readout should say 2. The logarithm tells you what the exponent is. If you enter 10, followed by the antilog function key (caret symbol, ^), followed by 2, and press the “equals” key, the readout should say 100. The antilog solves the exponential function, given the base and the exponent.


If your background in algebra isn’t strong, you’ll want to get more practice working with logarithms because you’ll see them frequently during your undergraduate career. Remember that once you understand the basic notation, there’s nothing mysterious about logarithms. They are simply a way of working with exponential functions, which describe what happens when something is multiplied by itself a number of times—like cells that replicate and then replicate again and then again.








Check Your Learning


For questions 1 and 2, use the equation Nt=N0ert (see Ch. 51, Quantitative Methods 51.3).



	
                  Identify the type of function this equation describes.

              


	
understand﻿ Exponential






	
QUANTITATIVE Rewrite this equation after taking the natural logarithm of both sides.



	
apply ln Nt=ln N0+rt.﻿





	
                  For questions 3 and 4, use the equation pH=−log [H+] (see Ch. 2, Section 2.2).

              




	
                  QUANTITATIVE Calculate the pH of a solution whose [H+] is 2.75×10−4.

              


	
apply ﻿pH=- log10 (2.75×10-4)=3.56.﻿






	
QUANTITATIVE Determine the [H+] of a solution whose pH is 5.43.



	
apply﻿ [H+]=10−5.43=0.00000372=3.72×10−6.











        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          BioSkills 6 Separating and Visualizing Molecules







Learning Objectives



Describe the key principles underlying common techniques used for scientific inquiry.







To study a molecule, you have to be able to isolate it. Isolating a molecule is a two-step process: The molecule has to be separated from other molecules in a mixture and then physically picked out or located in a purified form. Let’s explore some of the techniques that biologists use to separate proteins and nucleic acids and then find the particular molecule they are interested in.






        

      

    


      
        
          
Using Electrophoresis to Separate Molecules


In molecular biology, a standard technique for separating proteins and nucleic acids is called gel electrophoresis or, simply, electrophoresis (literally, “electricity-moving”). You may be using electrophoresis in a lab for this course, and you will be analyzing data derived from electrophoresis in this text.


The principle behind electrophoresis is simple. Nucleic acids carry a negative charge, as do proteins when they are denatured and coated with a charged (ionic) detergent. As a result, these molecules move when placed in an electric field. Negatively charged molecules move toward the positive electrode; positively charged molecules move toward the negative electrode.


An Example “Run”


Figure B6.1 shows an electrophoresis setup. To separate a mixture (sample) of macromolecules so that each one can be isolated and analyzed, researchers load the sample onto a gelatinous substrate (“gel”) consisting of long molecules that form a matrix of fibers. The matrix has pores that act like a sieve through which the molecules in the sample can pass.








          
          
                Figure B6.1
                Macromolecules Can Be Separated via Gel Electrophoresis.
              

            
          
              
                        [image: A schematic diagram depicting the three-step process shows how the macromolecules can be separated via gel electrophoresis.] 
              

          

          

          
                          The diagram provides the three steps for the gel electrophoresis process. The steps are as follows.


	Step 1. Load cavities, wells, in gel with samples. The diagram shows six samples of macromolecules above six individual rectangles that represent the evenly spaced wells, or slots, at the top of a sheet or slab of the gel. The fragments of a known size are placed in the first well on the left. Different samples of macromolecules are placed in the remaining cells.


	Step 2. Hook up power supply. Molecules separate over time as some move faster than others. The diagram shows the gel immersed in a solution that conducts electricity. The negative electrode from the power supply is near the top and the positive electrode is near the bottom of the gel sheet. Downward arrows from each well represent the samples from the gel as they migrate down the gel in lanes, and show the progress of the molecules as they move through the sieve to the bottom of the gel.


	Step 3. Remove gel after samples have run its length. Once the molecules of different size or charge have separated from one another, turn off the electric field and analyze the lanes. Molecules that are smaller or carry more negative charge move farther than molecules that are larger or less highly charged. The diagram shows the sheet with empty wells at the top and six different patterns and positions of rectangular bands that are as wide as each lane. The lane from the first well, with fragments of a known size, has distinct four bands, located at different distances from the start point, the wells, in the gel. Bands from the unknown macromolecule samples each show the highest density at different locations along the gel. Some of the bands are parallel to, or match, the location of a band in the known molecule column.



      
    
          

        






DNA and RNA move toward the positive electrode. What makes these molecules negatively charged?

	
understand﻿ DNA and RNA are acids that tend to lose a proton in solution, giving them a negative charge.










As shown in step 1, each sample is placed in a slot (“well”) in a sheet or slab of the gel. In many cases, researchers also fill a well with a sample containing proteins or DNA molecules of known size. When the gel is run, these molecules will form a size standard or “ladder.”


In step 2, the gel is immersed in a solution that conducts electricity. When an electric field is applied across the gel, the molecules in each well move through the gel toward the positive electrode, forming a lane. Molecules that are smaller or more highly charged for their size move faster through the sieve than do larger or less highly charged molecules. As they move, then, the molecules separate by size or by charge. Small or highly charged molecules end up near the bottom of the gel; large or less-charged molecules remain near the top.


Once molecules of different size or charge have separated from one another, the electric field is turned off and the lanes are analyzed (step 3).


A combination of charge and size is important in separating molecules by electrophoresis. Nucleic acids have a fixed amount of charge for a given length of molecule, so the size of the molecule determines how fast it runs on the gel. The same is true for proteins that are treated with a charged detergent before they are run on a gel. For proteins that are run without being treated with a charged detergent, size and charge work together to determine how fast they separate on a gel.


Why Do Separated Molecules Form Bands?


When researchers visualize a particular molecule on a gel, using techniques described later in BioSkills 6, the image that results consists of bands: lines of varying thickness that are as wide as a lane in the gel. Why?


To understand the answer, study Figure B6.2. The left panel shows the original mixture of molecules. In this diagram, the size of each dot represents the size of each molecule. The key is to realize that the original sample contains many copies of each specific molecule, and that these copies run down the length of the gel together—meaning, at the same rate—because they have the same size or charge.








          
          
                Figure B6.2
                On a Gel, Molecules That Are Alike Form Bands.
              

            
          
              
                        [image: A diagram shows the four-step process depicting how separated molecules form bands on gels.] 
              

          

          

          
                          The diagram provides the four steps in the process for a mixture of molecules to form bands on gels. The steps are as follows.


	Step 1. Start with a mixture of molecules in the well. A rectangle shape represents the well. Red dots of varying sizes represent the molecules that fill the well.


	Step 2. When electrophoresis starts, molecules begin to separate by size or charge. The red dots of varying sizes move below the well as the molecules separate from larger near the top to smaller near the bottom.


	Step 3. As electrophoresis continues, separation increases. Molecules with the same size, or charge, run at the same rate. The red dots of the same size are in separate rows of increasing distance with the group of larger cells near the top, medium cells near the middle, and smaller cells near the bottom.


	Step 4. If each molecule is visualized, the result is a set of bands. Three thick red rectangles, or bands, of varying thickness that are as wide as a lane in the gel, represent the groups of large, medium, and small molecules.



      
    
          

        





It’s that simple: Molecules that are alike form a band because they stay together.






        

      

    


      
        
          
Using Thin Layer Chromatography to Separate Molecules




Gel electrophoresis is just one of many ways to separate molecules. Another common method is called thin layer chromatography. This method was developed in the early 1900s by botanists who were analyzing the different-colored pigments from leaves of a plant (Ch. 10, Figure 10.5). The name chromatography comes from the Greek words khroma for “color” and graphein, “to write.”




In this method, rather than loading samples into wells in a gel, the samples are deposited or “spotted” near the bottom of a stiff support, either glass or plastic, that is coated with a thin layer of silica gel, cellulose, or a similar porous material. The coated support is then placed in a solvent. As the solvent moves up through the coating by capillary action, it carries the molecules in the samples with it. Molecules are carried different distances, based on their size and solubility in the solvent.







        

      

    


      
        
          
Visualizing Molecules


Once molecules have been separated using electrophoresis or thin layer chromatography, they have to be detected. Although plant pigments are colored, nucleic acids and most proteins are invisible unless they are labeled in some way.


Using Radioactive Isotopes


In the early days of molecular biology, the first types of labels in common use were radioactive isotopes—forms of atoms that are unstable and release energy in the form of radiation. Radioactive atoms can be incorporated into proteins or nucleic acids during synthesis, and the radiation then can be used to detect the labeled macromolecules.


Once electrophoresis is complete, the labeled proteins or nucleic acids can be visualized by laying X-ray film over the gel. Because radiation exposes film, a black dot appears wherever a radioactive atom is located in the gel. So many black dots occur so close together that they form a dark band. This technique for visualizing macromolecules is called autoradiography.


Advances in technology have led to the development of a related but more sensitive technique for visualizing radiolabeled proteins or nucleic acids. In this technique, called phosphorimaging, the gel is placed on a special plate coated with “phosphor” compounds that store radiation energy. When the plate is scanned with a laser, the energy is released as luminescence (visible light). The light is detected by the phosphorimaging system and used to produce a digital image of the gel.


Using Fluorescent Tags


Starting in the late 1990s and early 2000s, it became common to label macromolecules with fluorescent tags instead of radioactive isotopes. A “tag” is a molecule that is attached chemically to proteins or nucleic acids to allow them to be visualized. In this case, the tag is a fluorescent molecule that absorbs light at one wavelength and reemits the light at a longer wavelength. Once electrophoresis is complete, fluorescence can be detected by exposing the gel to an appropriate wavelength of light; the fluorescent tag fluoresces, or glows, in response. (Fluorescence is explained in Ch. 10, Section 10.2.)


Fluorescent tags have important advantages over radioactive isotopes: (1) They are safer to handle. (2) They are faster—you don’t have to wait hours or days for the radioactive isotope to expose a film or be detected by phosphorimaging. (3) They come in multiple colors, so you can label several different macromolecules in the same experiment and detect them independently.


Using Nucleic Acid and Protein Stains


DNA and RNA can be stained with a fluorescent dye such as SYBR green or ethidium bromide (EtBr). SYBR dyes bind nucleic acids causing them to fluoresce green when illuminated by blue light. Ethidium bromide fits in and binds between the bases, causing nucleic acids to fluoresce orange when illuminated by ultraviolet light. Proteins can be stained using a silver solution or dyes such as Coomassie blue that bind to proteins in the gel.


An example of an EtBr-stained gel is shown in Figure B6.3. In this experiment, researchers wanted to determine the optimal temperature for annealing (complementary base pairing) of primers to a particular target DNA in a polymerase chain reaction (PCR; see BioSkills 10). The far-left lane contains DNA fragments of known size; this lane (the size standard) is used to estimate the size of the molecules in the other lanes, which are numbered: Lane 1 is a control sample containing no target DNA; lanes 2 through 8 are samples in which the primer annealing temperature was varied incrementally from 71°C to 51°C. Primer was present in all test samples and the control.



          
          
                Figure B6.3
                Ethidium Bromide Staining Is a Technique for Visualizing Nucleic Acids.
              

            
          
              
                        [image: Ethidium bromide staining is a technique for visualizing nucleic acids.] The DNA molecules in this gel were stained with ethidium bromide and illuminated by ultraviolet light.

 
              

          

          

          
                          A photo provides a gel to read according to the size standard and the number of base pairs in D N A fragment. The gel has 8 lanes that follow the size standard lane on the far left. The labels for the number of base pairs in D N A fragment are from top to bottom as follows 1500, 1000, and 500. Approximately 15 bright bands fill the size standard line. Lane 1 is empty. Lanes 2 through 6 bands contain about 700 base pairs with ranges in intensity from brightest to dimmest, from left to right. Lanes 7 and 8 are empty.
      
    
          

        

Reading a Gel


One of the keys to interpreting, or “reading,” a gel or an image of a gel is to realize that brighter or more intense bands contain more of the stain or label, indicating a greater amount of the stained or labeled molecule. Fainter bands contain less of the molecule.


To read a gel, then, you look for (1) the presence or absence of bands in some lanes—meaning some experimental samples—and (2) differences in the intensity of the bands—reflecting differences in the amount of DNA or RNA or protein present.


For example, several conclusions can be drawn from the data in Figure B6.3. Note that a DNA fragment (band on gel) containing about 700 base pairs was amplified over a range of primer annealing temperatures. Based on the intensity of the bands, you can conclude that lane 6 contained less of this fragment than lanes 2–5, and lanes 7 and 8 contained none at all. In the absence of the target DNA (lane 1), no 700-base-pair fragment was amplified. The absence of a band in lane 1 indicates that the primers were specific for the target DNA used in all the other lanes.


Using Nucleic Acid Probes


In many cases, researchers want to find one specific molecule—a certain DNA sequence, for example—in a collection of molecules. How is this possible? The answer hinges on using a particular molecule as a probe. A probe is a labeled molecule that binds specifically to the molecule of interest. The label is often a radioactive atom, a fluorescent tag, or a tag that can be recognized by an antibody with an attached enzyme that catalyzes a color-forming or light-emitting reaction.


For example, a nucleic acid probe is a single-stranded fragment of DNA or RNA that will bind to a particular single-stranded complementary sequence in a mixture of DNA or RNA molecules. By binding to the target sequence, the probe marks the fragment containing that sequence, distinguishing it from all the other nucleic acid fragments in the mixture. As Figure B6.4 shows, a nucleic acid probe—in this case a labeled DNA probe—can be found after it has bound to the complementary sequence in the large mixture of fragments.



          
          
                Figure B6.4
                DNA Probes Bind to and Identify Specific Target Sequences.
              

            
          
              
                        [image: D N A probes to bind and identify specific target sequences.] 
              

          

          

          
                          A diagram provides the three steps in using a D N A probe process. The steps are as follows.


	Step 1. Make probe. Single stranded D N A probe has a label that can be visualized. The diagram shows the labeled probe, a single strand of D N A that resembles a hair comb with teeth of varying sizes that point downward and a highlighted structure attached to one end.


	Step 2. Expose probe to a collection of single-stranded D N A sequences. The diagram shows the single-stranded D N A sequences as larger objects that resemble the above hair comb with curves and bends to the shape.


	Step 3. Find probe. Probe binds to a complementary sequence, and only that sequence, in target. Target D N A is now labeled and can be isolated. The diagram shows the labeled D N A probe complementary bound to one strand of D N A.



      
    
          

        







If you understand the concept of a DNA probe, you should be able to explain why the probe must be single stranded and labeled in order to work, and why it binds to just one specific fragment. You should also be able to indicate where a probe with the sequence AATCG will bind to a target DNA strand with the sequence TTTTACCCATTTACGATTGGCCT. (Recall that sequences are always written 5′→3′.)

	
apply The probe must be single stranded so that it will bind by complementary base pairing to the target DNA, and it must be labeled so that it can be detected. The probe will base-pair only with fragments that include a sequence complementary to the probe’s sequence. A probe with the sequence 5′-AATCG-3′ will bind to the region of the target DNA that has the sequence 5′-CGATT-3′ as shown here:5′-AATCG-3′3′-TCCGGTTAGCATTACCATTTT-5′











Before applying a probe to locate a particular DNA or RNA sequence on a gel, researchers first need to transfer the nucleic acids to a special membrane by a technique called blotting.



	
                  Southern blotting, invented by Edwin Southern, is a technique for identifying DNA segments of interest in a mixed sample. This involves making DNA fragments that have been run on a gel single stranded, transferring them from the gel to a blotting membrane, and then exposing the membrane to a single-stranded probe that binds to the target sequence by complementary base pairing. Once the probe has bound, the band that contains it can be detected through autoradiography, a light-emitting reaction, fluorescence, or a color change.

              

	
                  Northern blotting is a technique for detecting target RNA segments. It involves transferring RNA fragments from a gel to a blotting membrane and then probing them to detect the segment of interest. The name is a play on Southern blotting, the protocol that it was derived from.

              




Using Antibodies as Probes


How can researchers pick a particular protein out of a large collection of different proteins? The answer is to use an antibody. An antibody is an immune system protein that binds specifically to a section of a protein of interest (see Ch. 48, Section 48.2, for more details on antibodies).


To use an antibody as a probe, investigators attach a tag molecule—often an enzyme that catalyzes a color-forming or light-emitting reaction—to the antibody and then add the tagged antibody to the collection of proteins. The antibody will bind to its target protein and can be visualized, thanks to the tag it carries.


If the proteins in question have been separated by gel electrophoresis and transferred to a membrane, the result is called a western blot. The name is an extension of the naming pattern for Southern and northern blots.


Using Radioimmunoassay and ELISA to Measure Amounts of Molecules


Another important method that makes use of antibodies is called a radioimmunoassay. This method is used when investigators want to measure tiny amounts of a molecule, such as a hormone in the blood. In this case, a known quantity of a hormone is labeled with a radioactive isotope. This labeled hormone is then mixed with a known amount of antibody specific for the hormone, and the two bind to one another. Next, a sample of blood, containing an unknown quantity of the same hormone, is added. The hormone from the blood and the radiolabeled hormone compete for antibody binding sites.


As the concentration of unlabeled hormone increases, more of it binds to the antibody, displacing more of the radiolabeled hormone. The amount of unbound radiolabeled hormone is then measured. Using known standards as a reference, the amount of hormone in the blood can be determined.


A commonly used technique based on similar principles is called enzyme-linked immunosorbent assay (ELISA). In ELISA, the amount of a particular molecule is measured using colorimetric signals instead of a radioactive signal.


Using X-ray Crystallography to Visualize Macromolecules


To understand what the 3-D structure of individual macromolecules looks like, researchers use a technique called X-ray crystallography, or X-ray diffraction analysis. The procedure is based on bombarding crystals of a molecule with X-rays. X-rays are scattered in precise ways when they interact with the atoms in a crystal, producing a diffraction pattern that can be recorded on X-ray film or other types of detectors (Figure B6.5).








          
          
                Figure B6.5
                X-Ray Crystallography.
              

            
          
              
                        [image: A diagram shows the X-ray Crystallography technique and an adjacent photo shows an x-ray film that recorded the pattern of scattered radiation from D N A molecules.] When crystallized molecules are bombarded with X-rays, the radiation is scattered in distinctive patterns. The photograph at the right, obtained by Rosalind Franklin in 1953, shows an X-ray film that recorded the pattern of scattered radiation from DNA molecules.

 
              

          

          

          
                          The diagram shows the process for using X-ray Crystallography to visualize macromolecules. An X-ray beam strikes crystallized D N A molecules, resulting in diffracted rays that produce a diffraction pattern that can be recorded on X-ray film. The adjacent image shows a diffraction pattern on the film. The image shows dark bands that form an X-shaped pattern. The pattern is determined by the structure of the molecules within the crystal.
      
    
          

        





By varying the orientation of the X-ray beam as it strikes a crystal and documenting the diffraction patterns that result, researchers can construct a map representing the density of electrons in the crystal. Relating these electron-density maps to information about the primary structure of the nucleic acid or protein allows researchers to build a 3-D model of the molecule. Most of the molecular models used in this book were built from X-ray crystallographic data. But when it comes to analyzing dynamic molecular machines, another technique—cryoelectron microscopy or cryo-EM—is on the rise that allows capturing macromolecules in action (this technique is described in BioSkills 9).







Check Your Learning



	
                  Consider a gel that has been stained for DNA products from a polymerase chain reaction using ethidium bromide. One lane contains no bands. Two lanes have a band in the same location, but one of the bands is very faint and the other is extremely bright. Interpret these results.

              


	
analyze The lane with no band comes from a sample where no PCR product was amplified. The faint band has very few copies of PCR product, while the bright band has many.






	
                  Explain why the effort to understand the structure of biological molecules is worthwhile even though X-ray crystallography is time-consuming and technically difficult. What’s the payoff?

              


	
evaluate Understanding a molecule’s structure is often critical to understanding how the molecule functions in cells.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 7 Separating Cell Components by Centrifugation


Biologists use a technique called differential centrifugation to isolate specific cell components. A centrifuge accomplishes this task by spinning a cell sample in a solution that allows cell components to separate according to their density or size and shape. The individual parts of the cell can then be purified and studied in detail, in isolation from other parts of the cell.


The first step in preparing a cell sample for centrifugation is to release the cell components by breaking the cells apart. This can be done by putting them in a hypotonic solution (Ch. 6, Figure 6.15), by exposing them to high-frequency vibration, by treating them with a detergent, or by grinding them up. Each of these methods breaks apart plasma membranes and releases the contents of the cells.


The resulting pieces of plasma membrane quickly reseal to form small vesicles, often trapping cell components inside. The suspension that results from the homogenization step is a mixture of these vesicles, free-floating macromolecules released from the cells, and organelles. A suspension like this is called a cell extract or cell homogenate.


When a cell homogenate is placed in a centrifuge tube and spun at high speed, the suspended components move toward the bottom of the tube, along the red arrows in Figure B7.1a. The effect is similar to a merry-go-round, which seems to push you away from the spinning platform. At the same time, the solution in the tube exerts a centripetal (literally, “center-seeking”) force that pushes the homogenate away from the bottom of the tube. Larger, denser components resist this inward force more readily than do smaller, less dense ones and so reach the bottom of the tube faster.








          
          
                Figure B7.1
                Cell Components Can Be Separated by Centrifugation.
              

            
          
              
                        [image: Cell components can be separated by centrifugation. Three diagrams show different aspects of the process.] (a) The forces inside a centrifuge tube allow cell components to be separated. (b) Through a series of centrifuge runs made at increasingly higher speeds, an investigator can separate “fractions” of a cell homogenate by size via differential centrifugation. (c) A high-speed centrifuge run can achieve extremely fine separation among cell components by sucrose density–gradient centrifugation.

 
              

          

          

          
                          Three diagrams provide different aspects of centrifugation. How a centrifuge works, the differential centrifugation process, and the sucrose density gradient centrifugation process. The diagrams are as follows.

Diagram a shows how a centrifuge works. The centrifuge has a base with a motor, the top of which leads to a ring that holds six test tubes, angled outward. The motor spins, turning the test tubes. In the tubes, red arrows point down the tube while blue arrows point up the tubes. When the centrifuge spins, the cell components tend to move toward the bottom of the centrifuge tube, red arrows. The solution in the tube exerts a centripetal force, which resists movement of the components to the bottom of the tube, blue arrow. Very large or dense components overcome the centripetal force more readily than smaller, less dense ones. As a result, larger, denser components move toward the bottom of the tube faster.

Diagram b shows the four steps in the differential centrifugation process. The steps are as follows.


	Step 1. Start with uniform cell homogenate in a centrifuge tube. The solution fills three-fourths of the tube and large red, medium orange, and small green dots are scattered throughout the solution. Low speed centrifugation leads to,


	Step 2. After low-speed spin, pellet contains large components. Transfer the supernatant to a new tube. The solution fills three-fourths of the tube. The large red dots, the pellet, are at the bottom of the tube. The medium orange and small green dots scatter in the solution above and are the supernatant. Medium speed centrifugation leads to,


	Step 3. After medium-speed spin, the pellet contains medium components. Transfer the supernatant to a new tube. The solution fills three-fourths of the tube. The medium orange dots, the pellet, are at the bottom of the tube. The small green dots scatter in the solution above. High speed centrifugation leads to,


	Step 4. After high-speed spin, pellet contains small components. The solution fills three-quarters of the tube. The small green dots, the pellet, are at the bottom of the tube.




Diagram c shows the three steps in the sucrose density gradient centrifugation process. The steps are as follows.


	Step 1. Add sample to a tube of variable density solution. The variable density solution ranges from lower density at the top to higher density at the bottom of the tube. The green sample is above the blue variable density solution and the solutions fill three-fourths of the tube.


	Step 2. Run centrifuge. Cell components are separated into distinct bands based on size and or density. A thin yellow band is near the top of the solution in the tube. The next thin band is green and yellow. Below that band is a thicker greenish yellow band. And a dark green band is on the bottom of the tube.


	Step 3. To extract specific cell components for analysis, puncture the bottom of tube with needle and collect drops from specific bands. A smaller tube below the bottom of the tube collects the cell components from the dark green band.



      
    
          

        






To separate the different components of a cell extract, researchers often perform a series of centrifuge runs. Steps 1 and 2 of Figure B7.1b illustrate how an initial run at low speed causes larger, heavier parts of the homogenate to move below smaller, lighter parts. The material that collects at the bottom of the tube is called the pellet, and the solution and components left behind form the supernatant (“above-swimming”). The supernatant is placed in a fresh tube and centrifuged at increasingly higher speeds and longer durations. Each centrifuge run continues to separate cell components, or “fractions” of a cell homogenate, based on their size and density.


To separate macromolecules or organelles (for a list of eukaryotic cell components, see Ch. 7, Summary Table 7.1), researchers may also fill the centrifuge tube with a series of sucrose solutions of decreasing density, starting with the highest density at the bottom of the tube (Figure B7.1c). The resulting density gradient allows cell components to separate on the basis of small differences in size, shape, and density. When the centrifuge run is complete, each cell component occupies a distinct band of material in the tube, based on where that component settled in the density gradient. A researcher can collect the material in each band for further study.








Check Your Learning



	
                  List the physical properties of molecules or cell components that allow their separation via centrifugation.

              


	
understand Size, shape, and/or density.﻿






	State which cell component—ribosomes or mitochondria—you would expect to form a pellet more quickly when you centrifuge a cell homogenate at medium speed using the method shown in Figure B7.1b. Explain why.



	
apply ﻿Mitochondria, because they are larger than ribosomes.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 8 Using Spectrophotometry


Spectrophotometry is a versatile technique in which an instrument called a spectrophotometer measures light absorbance by a substance (Ch. 10, Section 10.2 and Ch. 39, Section 39.1). This measurement can be used to determine the concentration of the substance. In the spectrophotometer, light is passed from a lamp through a prism or diffraction grating, which splits the light into individual wavelengths (Figure B8.1). A moveable slit is then positioned to allow only light of a single wavelength to reach the sample, which is placed in the light path in a transparent cuvette or test tube. On the other side of the sample holder is a detector that measures the amount of transmitted light (T) that got through the sample. This value is then converted into the amount of absorbed light (A).



          
          
                Figure B8.1
                How a Spectrophotometer Works.
              

            
          
              
                        [image: A diagram shows how a spectrophotometer works.] 
              

          

          

          
                          A beam of white light passes from a lamp through a prism, which splits the light into individual wavelengths on the full-color spectrum of red, orange, yellow, green, blue, and purple. A moveable slit, or wavelength selector, is positioned to allow only light from the blue wavelength to reach the sample in the test tube. The beam of blue light enters the test tube, some of which is absorbed, absorbed light, A. Some light passes through the test tube, transmitted light, T, and hits the detector that measures the amount of transmitted light, T, that got through the sample. This value is converted into the amount of absorbed light in the sample, A.
      
    
          

        

In the lab, researchers can use spectrophotometry in the following tasks: (1) calculating the concentration of DNA, RNA, or proteins in a solution; (2) following the growth of bacterial cells; (3) quantifying the amount of photosynthesis occurring in chloroplasts; or (4) determining the rate of an enzyme-catalyzed reaction. Let’s examine the last example in more detail.


If an enzyme-catalyzed reaction produces a colored product or destroys a colored substrate, a spectrophotometer can measure how much of that product or substrate is present and thereby quantify the activity of the enzyme. How does this work?


Suppose an enzyme-catalyzed reaction produces a green product that absorbs light best at a wavelength of 475 nm (blue light). If a solution containing this product is placed in a spectrophotometer and illuminated with light of this wavelength, the solution will absorb most of the blue light and transmit only some of it (see Figure B8.1). A more concentrated solution will absorb more blue light than a less concentrated one, so the more colored product a solution contains, the darker it looks.


Even solutions that appear colorless may actually absorb specific wavelengths of light. For instance, a solution of DNA absorbs light best at a wavelength of 260 nm, which is in the ultraviolet range. There are no units for absorbance, but you should always state the wavelength used, for example, “absorbance at 260 nm.”








Check Your Learning



Explain the relationship between absorbance and transmittance of light through the sample in the spectrophotometer shown in Figure B8.1.

	
understand ﻿A decrease in transmittance usually results in an increase in absorbance.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 9 Using Microscopy




A lot of biology happens at levels that can’t be detected with the naked eye. Biologists use an array of microscopes to study whole embryos, tissues, small multicellular organisms or individual cells, and the contents of cells.




You’ll probably use dissecting microscopes and compound light microscopes to view specimens during your labs for this course, and throughout this text you’ll see images generated from other types of microscopy. The key is to recognize that each approach for visualizing microscopic structures has strengths and weaknesses. As a result, each technique is appropriate for studying certain types or aspects of cells or molecules.







        

      

    


      
        
          
Light and Fluorescence Microscopy




If you use a dissecting microscope during labs, you’ll recognize that it works by magnifying light that bounces off a whole specimen—often a live organism. You’ll be able to view the specimen in three dimensions, which is why these instruments are sometimes called stereomicroscopes, but the maximum magnification possible is only about 20×to 40× (20–40 times normal size).




To view smaller objects, such as wet mounts or prepared slides of specimens, you’ll probably use a compound microscope. Compound microscopes magnify light that passes through a specimen. The instruments used in introductory labs are usually capable of 400×magnification. This magnification is enough to view individual bacterial or eukaryotic cells and see large structures inside cells, like condensed chromosomes (Ch. 12, Section 12.2). The most sophisticated compound microscopes available can achieve magnifications of up to 2000×.




To prepare a specimen for viewing under a compound light microscope, researchers may need to slice the tissues or cells to create a section thin enough for light to pass through. The section is often stained to increase contrast and make structures visible. In many cases, different types of dyes are used to highlight different types of structures.




To visualize the location of specific proteins, such as structural or regulatory proteins, or to visualize organelles, such as mitochondria, researchers use a technique called immunostaining. After tissues or cells are prepared for viewing, the specimen is stained with fluorescently tagged antibodies. In this case, the cells are viewed under a fluorescence microscope. The fluorescing tag emits visible light when ultraviolet or other wavelengths of light are passed through the specimen. The result? Beautiful cells that glow green, red, or blue.







        

      

    


      
        
          
Electron Microscopy




Until the 1950s, the compound microscope was the biologist’s only tool for viewing cells directly. But the invention of the electron microscope provided a new way to view specimens. Two basic types of electron microscopy are now available: one type allows researchers to examine very thin cross sections of cells at extremely high magnification (transmission electron microscopy), the other offers a view of surfaces at somewhat lower magnification (scanning electron microscopy). Let’s look at each type in turn.




Transmission Electron Microscopy




The transmission electron microscope (TEM) is an extraordinarily effective tool for viewing cell structure at high magnification. TEM forms an image from electrons that pass through a specimen, just as a compound light microscope forms an image from light rays that pass through a specimen.




Biologists who want to view a cell under a transmission electron microscope begin by “fixing” the cell, which means they treat it with a chemical agent that stabilizes the cell’s structure and contents while disturbing them as little as possible. Then the researcher permeates the cell with an epoxy plastic to stiffen it. Once this epoxy hardens, the cell can be cut into extremely thin sections with a glass or diamond knife. Finally, the sectioned specimens are saturated with a metal—often lead. (The reason for this last step is explained shortly.)




Figure B9.1a  outlines how the transmission electron microscope works. A beam of electrons is produced by a tungsten filament at the top of a column and directed downward. (All of the air is pumped out of the column, so that the electron beam isn’t scattered by collisions with air molecules.) The electron beam passes through a series of lenses and through the specimen. The lenses are electromagnets, which alter the path of the beam much like a glass lens in a dissecting or compound microscope bends light. The electromagnetic lenses magnify and focus the image on a screen at the bottom of the column. There the electrons strike a coating of fluorescent crystals, which emit visible light in response. The light can be detected by a digital camera; the result is a micrograph—a photograph of an image produced by microscopy.








          
          
                Figure B9.1
                There Are Two Basic Types of Electron Microscopy.
              

            
          
              
                        [image: A three-part figure depicts a diagram and micrographs show the transmission and scanning electron microscopy of E. coli.] 
              

          

          

          
                          The two diagrams show the different types of electron microscopy as follows.


	Transmission electron microscopy, high magnification of cross sections. A schematic diagram shows the pathway of transmission electron microscopy. A tungsten filament, the source of electrons, emits an expanding beam, which passes through a condenser lens. The beam of electrons is focused through the specimen and then through the objective lens, through the projector lens, and finally forms an image on the fluorescent screen. An adjacent micrograph shows a cross-section of an E. coli bacterium filling the view, appearing as a rod-shaped cell with visible intracellular structures. Scale is 0.2 micrometers, one-third the width and one-eighth the length of the cell.


	Scanning electron microscopy, lower magnification of surfaces. A micrograph shows a surface view of E. coli bacteria as a cluster of dozens of rod-shaped cells bunched together. The micrograph in Diagram a is just one of these cells. The scale is 1 micrometer, half the length of a cell.



      
    
          

        






The image itself is created by electrons that pass through the specimen. If no specimen were in place, all the electrons would pass through and the screen (and micrograph) would be uniformly bright. However, cell materials by themselves would also appear fairly uniform and bright. This is because an atom’s ability to deflect electrons depends on its mass, and the hydrogen, carbon, oxygen, and nitrogen atoms that dominate biological molecules have low masses. It is why cell biologists must saturate cell sections with solutions containing heavy metals such as lead. These metals have high atomic masses and scatter electrons effectively. Different macromolecules take up the metal atoms in different amounts, so the metals function as “stains” that produce contrast for different structures. With TEM, areas that take up the most metal atoms scatter the electron beam most, producing dark areas in micrographs.


The advantage of TEM is that it can magnify objects up to 250,000×, making intracellular structures clearly visible. The downsides? Researchers are restricted to observing dead, sectioned material, and they must take care not to distort the specimen during the preparation process.


Scanning Electron Microscopy


The scanning electron microscope (SEM) is the most useful tool available for looking at the surfaces of biological structures. Materials are prepared for scanning electron microscopy by coating their surfaces with a layer of metal atoms. To create an image of this surface, the microscope scans the surface with a narrow beam of electrons. Electrons that are reflected back from the surface or that are emitted by the metal atoms in response to the beam then strike a detector. The detector counts these electrons and sends the signals to an amplifier. The final image is built up from the number of electrons emitted from each spot on the sample and is displayed on a screen, magnified up to 50,000×. The image is captured directly in a computer.


Because SEM records shadows and highlights, it provides images with a three-dimensional appearance (Figure B9.1b). It cannot magnify objects nearly as much as TEM can, however.


Cryoelectron Microscopy (Cryo-EM)


Recall that X-ray crystallography is widely used for determining the three-dimensional structure of macromolecules (BioSkills 6), but this method can’t capture the structure of large dynamic molecular machines that are difficult to crystallize. In cryoelectron microscopy (cryo-EM), samples are flash-frozen at extremely low temperatures, allowing microscopic analysis of a complex in its native (functional) form. Computer algorithms are used to analyze the images and reconstruct the structure in three dimensions. It’s even possible to flash-freeze a complex in several conformations, providing stunning insight into the action of molecular machines, such as a transcription pre-initiation complex, poised and ready to transcribe a gene (Ch. 19, chapter opener photo).







        

      

    


      
        
          
Studying Live Cells and Real-Time Processes


Until the 1960s, biologists were unable to get clear, high-magnification images of living cells. But a series of innovations in the years since has made it possible to observe organelles and subcellular structures in action.


The development of digital imaging proved revolutionary. It allowed specimens to be viewed at higher magnification, because digital cameras are more sensitive to small differences in contrast than are the human eye. It also made it easier to keep live specimens functioning normally, because the increased light sensitivity of digital cameras allows them to be used with low illumination, so specimens don’t overheat. Digital imaging also made possible the use of computers to remove out-of-focus background material and increase image clarity.


A more recent innovation was the use of a fluorescent molecule called green fluorescent protein, or GFP, that allows researchers to tag specific molecules or structures and follow their movement in live cells over time. This was a major advance over immunostaining, in which cells have to be fixed. GFP is naturally synthesized in certain species of jellyfish. By affixing GFP to another protein (using genetic engineering techniques described in BioSkills 10 and Ch. 20, Section 20.1) and expressing that protein in a live cell, investigators can follow the protein’s fate over time and record its movement. For example, researchers have made video recordings of GFP-tagged proteins being transported from the rough ER through the Golgi apparatus and out to the plasma membrane. This is Cell Biology: The Movie.


GFP’s influence has been so profound that the researchers who developed its use in microscopy were awarded the 2008 Nobel Prize in Chemistry. Many other fluorescent proteins have since been developed with colors ranging from cyan (greenish blue) to yellow to red.


Visualizing Cellular Structures in 3-D


The world is three-dimensional. To understand how microscopic structures work, it is essential to understand their shapes and spatial relationships. Consider three techniques currently being used to analyze the 3-D structure of cells and organelles.



	
                  Confocal scanning microscopy is carried out by mounting a specimen that has been treated with one or more fluorescent tags on a microscope slide and then passing a beam of light at a certain wavelength through a pinhole to focus it at a specific depth within the specimen. The fluorescent tag in the specimen emits light at a different wavelength in response, and a detector records the emitted light. The focused spot of light is moved horizontally across the sample to achieve a sharp image of a precise 2-D plane, or “section,” in the tissue being studied (Figure B9.2a). Note that if you viewed the same specimen under a conventional fluorescence microscope, the image would be blurry because it results from light emitted by the entire specimen (Figure B9.2b). By altering the focal plane, a researcher can record images from an array of depths in the specimen; a computer can then be used to piece the 2-D data together to generate a 3-D image of a cell or tissue (Figure B9.2c).

              

	
                  Super-resolution microscopy has pushed the boundaries of conventional microscopy even further. With this advanced approach, researchers can visualize cellular structures with an optical resolution measured in the tens of nanometers. Using fluorescent probe molecules, super-resolution microscopy allows tracking of single molecules in real time.

              

	
                  Electron tomography uses a transmission electron microscope to generate a 3-D image of an organelle or other subcellular structures. The specimen is rotated around a single axis while the researcher collects many individual “snapshots.” The images are then pieced together with a computer. This technique has provided a much more accurate view of mitochondrial structure than was possible using traditional TEM (see Ch. 9, Figure 9.8).

              





          
          
                Figure B9.2
                Confocal Microscopy Provides Sharp Images of Living Tissues.
              

            
          
              
                        [image: A three-part figure shows how Confocal Microscopy provides sharp images of living tissues.] (a) This confocal image of a mouse intestine is sharp because it results from light emitted at a single plane, or “section,” within the tissue. (b) A conventional image of this same tissue is blurred because it results from light emitted by the entire tissue rather than a single plane. (c) This 3-D confocal image was reconstructed from optical sections of cells forming a blood vessel.

 
              

          

          

          
                          Three micrographs provide details of confocal fluorescence, conventional fluorescence, and confocal 3 D. The micrographs are as follows from left to right.


	Confocal fluorescence image of mouse intestine. The micrograph shows a red ellipse lined by smaller, distinct green ellipses. Internal structures are visible throughout. The scale is 25 micrometers, about the length of a green ellipse and one-eighth the length of a red ellipse.


	Conventional fluorescence image of sample tissue as in micrograph a. A blurry micrograph shows a red ellipse mostly obscured by indistinct green ellipses. Internal structures are difficult or impossible to see.


	Confocal 3-D image of cells forming a blood vessel. The micrograph shows a three-dimensional tube, with a wall made of interleaved cells. The scale is 25 micrometers, one-fourth the diameter of the blood vessel tube.



      
    
          

        







Check Your Learning



Interpret whether the absence of mitochondria in a transmission electron micrograph of a cancerous human liver cell means that the cell lacks mitochondria.

	
analyze ﻿It doesn’t necessarily mean that the cell lacks mitochondria. It’s possible that no mitochondria happened to be present in this extremely thin section sliced through the cell.










        

      

    

              
                
                  
                  
                  

                

              


          
            
      
        
          
BioSkills 10 Using Molecular Biology Tools and Techniques




The basic tools and techniques of molecular biology are revolutionary. Molecular biology is the study of the structure and function of cellular molecules—such as nucleic acids and proteins—and how they carry out the biological processes essential for life, including the molecular basis of gene expression and its regulation. The field of molecular biology involves many other areas of biology such as biochemistry, genetics, and cell biology. (Some of the major breakthroughs achieved by molecular biologists are highlighted in Chapter 20.) But unless you are doing research in the lab, it can be difficult to fully appreciate all the details underlying the methods. The key is to understand some of the basic principles and steps in each technique, and then to recognize how biologists can use each technique to answer distinct questions. Additional molecular biology tools can be found online (Table B10.1).








          
          
                Table B10.1
                Online Molecular Biology Tools
              

            
          
              
                        [image: A table illustrates Online Molecular Biology Tools.] 
              

          

          

          
                          

	Name
	Description
	URL



	Basic Local Alignment Search Tool (BLAST)
	Many uses, including comparison of nucleotide or protein sequences to sequence databases, matching DNA microarray profiles, designing primers for PCR, searching markers for phylogenetic analyses
	https://blast.ncbi.nlm.nih.gov/Blast.cgi



	Protein Data Bank (PDB)
	Information about the three-dimensional shapes of proteins, nucleic acids, and complex assemblies; tools and resources for education and research
	www.rcsb.org/



	GenBank
	The National Institutes of Health genetic sequence database, containing an annotated collection of all publicly available DNA sequences
	https://www.ncbi.nlm.nih.gov/genbank/



      
    
          

        





Often in a molecular biology study, some of the first tools and techniques used are associated with recombinant DNA technology. One of the most basic requirements of recombinant DNA technology is the ability to produce many copies of a gene or other DNA sequence of interest, a process referred to as DNA cloning. If a researcher says that they have cloned a gene, it means that they have isolated it and then produced many identical copies. Let’s take a closer look.






        

      

    


      
        
          
Using Plasmids in Cloning




In many cases, researchers clone a sequence of DNA by inserting it into a small, circular DNA molecule called a plasmid. Plasmids are common in bacterial cells (Ch. 7, Section 7.1). They are physically separate from the bacterial chromosome, carry genes that are not required for typical growth and reproduction, and can replicate independently of the chromosome. Plasmids used in cloning carry genes for antibiotic resistance that allow a cell to grow in the presence of an antibiotic that kills cells without the plasmid.




Researchers realized that if they could add a piece of foreign DNA to a plasmid and then insert the recombinant molecule into a bacterial cell, the engineered plasmid would be replicated and passed on to progeny cells. If this bacterium was grown in a nutrient broth, then billions of copies of the original cell, each containing many identical versions of the recombinant plasmid DNA, would result. When a plasmid is used to make copies of a foreign DNA sequence, it is called a cloning vector, or simply a vector. It’s important to realize that the DNA added to the plasmid can be from any organism. Most often in cloning, the DNA fragment added to the plasmid comes from a vastly different species—say a human or a corn plant—than the bacterial cell that replicates it.




Biologists harvest the recombinant plasmids by breaking the bacteria open, isolating all the DNA, and then separating the plasmids from the main chromosomes. But how do they insert a gene into a plasmid in the first place?







        

      

    


      
        
          
Using Restriction Endonucleases and DNA Ligase to Cut and Paste DNA




To cut out a gene, or any DNA sequence, for insertion into a cloning vector, researchers use enzymes from bacteria called restriction endonucleases. A restriction endonuclease cuts DNA molecules at specific base sequences called recognition sites. There are many types of restriction endonucleases, each cutting DNA at a different recognition site.




It’s easy to think that restriction endonucleases were discovered in a search for enzymes that could be used for DNA cloning. Not so. Scientists found these enzymes while investigating bacterial defense systems. In nature, these enzymes are used by bacteria to cut up DNA from viruses and other invaders to prevent a fatal infection.




One way of inserting foreign DNA into plasmids is shown in the sequence of steps outlined in Figure B10.1.








          
          
                Figure B10.1
                Foreign DNA Can Be Inserted into Plasmids for Cloning.
              

            
          
              
                        [image: A diagram shows a 5-step process for using plasmids in cloning.] Once foreign DNA has been inserted into a plasmid, the recombinant plasmid can be introduced into bacterial cells that grow and divide to produce many identical copies of the recombinant plasmid. The inserted DNA can be any DNA sequence, including a gene or part of a gene.

 
              

          

          

          
                          The diagram shows the process of foreign D N A insertion into the plasmid for cloning. The steps are as follows:

Step 1. Begin with plasmid (left) and foreign DNA (right). The plasmid and foreign DNA need to contain a recognition site for the same restriction endonuclease. A circular double-stranded plasmid contains and antibiotic gene and a recognition site with the following nucleotide sequence: 5 prime- G A A T T C-3 prime and its complementary sequence is 3 prime-C T T A A G-5 prime. A double-stranded foreign D N A has recognition sites (same sequence as in plasmid) at both terminal ends.

Step 2. Add restriction endonuclease. A restriction endonuclease makes staggered cuts at each of the recognition sites. Restriction endonuclease binds to the recognition site of the plasmid and the recognition sites on the left and right terminals of the foreign D N A.

Step 3. Sticky ends result. Recognition sites now have “sticky ends” capable of hydrogen-bonding with a complementary sequence. The following sticky ends are formed in the plasmid and foreign D N A: G (above) and C T T A A (below) and A A T T C (above) and G below in the plasmid. A A T T C (above) on the left terminal and G below and G (above) and C T T A A (below) on the right terminal of the foreign D N A.

Step 4. Insert foreign DNA into plasmid. Sticky ends on plasmid and on foreign DNA bind by complementary base pairing. DNA ligase catalyzes formation of a phosphodiester bond at points marked by green arrows, “sealing” the inserted DNA. A recombinant plasmid is formed by the insertion of foreign D N A by complementary base pairing of the sticky ends. The green arrows mark the sealing point of inserted foreign D N A.

Step 5. Transformation and cloning. Introduce recombinant plasmids into E. coli cells by making cells permeable to DNA. Each cell contains one type of recombinant plasmid. Each cell is allowed to divide, producing many copies (clones) of the recombinant plasmid. The recombinant plasmid is inserted into the E. coli cells and their clones are produced.
      
    
          

        






	
	
Step 1The left side of the figure shows a plasmid that contains a gene for antibiotic resistance and a recognition site in the double-stranded DNA that is cut by a specific restriction endonuclease. As the right side of the figure shows, the same recognition sequences are present on a piece of foreign DNA.


	
Step 2A restriction endonuclease cuts the recognition sites in the plasmid (left) and in the foreign DNA (right).


	
Step 3The cuts made in the recognition site by most restriction enzymes are staggered (offset on opposing strands) as shown here, rather than blunt (straight across both strands). With staggered cuts, the resulting DNA fragments are described as having “sticky ends,” because the single-stranded bases exposed on the plasmid are complementary to the single-stranded bases exposed on the foreign DNA. As a result, the complementary ends hydrogen-bond the two molecules to each other. DNAs from any sources that are cut with the same restriction endonuclease can be joined together in this way.


	
Step 4Next, DNA ligase—the enzyme that connects Okazaki fragments during DNA replication (Ch. 15, Section 15.3)—is added to seal the pieces of DNA together. This is the essence of recombinant DNA technology—forming new combinations of DNA by cutting specific sequences and linking them together in new ways.


	
Step 5Finally, recombinant plasmids are introduced into E. coli by making the cells permeable to DNA. The resulting “transformed” bacterial cells are then allowed to grow and divide to produce many identical copies of the recombinant DNA.







How can a bacterial cell take up DNA?







        

      

    


      
        
          
Transformation: Introducing Recombinant Plasmids into Bacterial Cells




Cells that take up DNA from the environment and incorporate it into their genomes are said to undergo transformation. Bacterial cells do not routinely take up DNA on their own, even under laboratory conditions. So, to get plasmid DNA into E. coli or other species, researchers treat the cells to increase their permeability to DNA. One common method mixes cold, chemically treated cells and the recombinant plasmid and then heats the mixture briefly to allow the uptake of DNA. Transformation is inefficient, with few bacteria in a population ever taking up plasmid DNA. Typically, just a single plasmid enters any one cell during this treatment.




The cells are then spread out on plates under conditions that allow only cells with the plasmids to grow into colonies. This is where the antibiotic-resistance gene on the plasmid comes into play. Cells are grown in the presence of the antibiotic, so only those with the plasmid can grow into a colony; cells without the plasmid do not multiply. Each colony contains millions of identical cells, each with many identical copies of the recombinant plasmid.







        

      

    


      
        
          
Complementary DNA (cDNA)




What kinds of DNA are cloned? Often, it’s DNA taken directly from an organism—called genomic DNA—but another important approach is to make a DNA copy of an mRNA. A viral enzyme called reverse transcriptase catalyzes the synthesis of DNA from an RNA template (Ch. 16, Section 16.2). DNA that is transcribed from RNA is called complementary DNA, or cDNA. Reverse transcriptase initially produces a single-stranded cDNA, but once this is done, it can use this cDNA strand to synthesize the complementary DNA strand to yield double-stranded DNA (see Ch. 33, Figure 33.12).




Researchers use cDNAs in many ways. For instance, they can isolate mRNAs from specialized cells—muscle cells, for example—and convert those mRNAs to double-stranded cDNAs. These cDNAs, which correspond to each gene that is actively expressed into mRNA in the source cells, can be sequenced to learn which genes are expressed in the given cell type.




Another important use of cDNAs is in deducing the amino acid sequence of the polypeptide encoded by a gene. Because cDNAs are copies of mRNAs, they do not contain introns. This makes it a simple matter to identify the uninterrupted set of codons that specify the polypeptide and then use the genetic code to deduce its amino acid sequence.







        

      

    


      
        
          
Making and Using cDNA Libraries


A collection of DNA sequences, each of which is inserted into a vector, is called a DNA library. DNA libraries are made up of cloned genes or portions of genes. Each gene sequence can be produced in large quantity and isolated in pure form. If the sequences are fragments of DNA from the genome of an individual, the library is called a genomic library. Often the sequences are cDNA—DNA copies of mRNAs made by a particular cell type or tissue—and the library is called a cDNA library. How is a cDNA library made?


Creating a cDNA Library


After using the viral enzyme reverse transcriptase to catalyze the synthesis of cDNA from an RNA template, this cDNA can then be used to make a cDNA library, as shown in Figure B10.2. The end result, shown in step 5, is a collection of transformed bacterial cells. Each of the cells contains a plasmid with one cDNA from the initial mRNAs isolated from a particular cell type or tissue.



          
          
                Figure B10.2
                Complementary DNA (cDNA) Libraries Represent a Collection of the mRNAs in a Cell.
              

            
          
              
                        [image: A diagram shows a 5-step process involved in the creation of Complementary D N A, c D N A, libraries represent a collection of the m R N A’s in a cell.] 
              

          

          

          
                          The diagram shows the five steps for the process to create a c D N A library. m R N A’s are reverse transcribed into c D N A, which is then inserted into plasmids and placed in E. coli. The steps are as follows.


	Step 1. Isolate m R N A’s, in this case, from a cell or tissue type of interest. The diagram shows short, single-stranded m R N As taken from a small gland at the base of the brain.


	Step 2. Synthesize single-stranded c D N A from each m R N A using reverse transcriptase. The diagram shows a reverse transcriptase protein bound on a strand of m R N A, producing a single-stranded c D N A, complementary to the m R N A.


	Step 3. Make c D N A double-stranded using reverse transcriptase or D N A polymerase. The double-stranded c D N A is produced by the reverse transcriptase.


	Step 4. Make recombinant plasmid. Insert each double-stranded c D N A into a different plasmid. A diagram shows the recombinant plasmid as a circular piece of double-stranded D N A with the double-stranded c D N A sequence within it. At either end of the c D N A is a repeated sequence of bases, annealed sticky ends, described in the following table, boxed sequences are found in the c D N A. See Figure 10.1 for an explanation of sticky ends.




	
	Sequence left of the c D N A
	Sequence right of the c D N A



	Top strand

	
G A A T T C

Box is around A A T T C.


	
G A A T T C

Box is around G.





	Bottom strand
	
C T T A A G

Box is around G.


	
C T T A A G

Box is around C T T A A.






	Step 5. Transformation. Introduce recombinant plasmids into E. coli cells by making cells permeable to D N A. Each cell contains one type of recombinant plasmid and thus one type of c D N A. The collection of cells is the c D N A library.



      
    
          

        







Would each type of cDNA in the library be represented just once? Why or why not?

	
apply﻿ No—each type of cDNA would be represented many times, because many copies of each type of mRNA were present in the cells, and many bacterial cells were used to prepare the library.










cDNA libraries are important because they give researchers a way to store cDNA fragments from a particular cell type or tissue in a form that is accessible for gene cloning. But like a college library, a cDNA library isn’t very useful unless there is a way to retrieve specific pieces of information. At your school’s library, you use call numbers or computer searches to retrieve a particular book or article. How do you go about retrieving a particular cDNA from a library?


Finding a Particular cDNA in a Library


Molecular biologists often face the task of finding one specific cDNA in a large collection of DNA fragments. To do this requires a probe—a labeled molecule that binds to the molecule the biologist is looking for (see BioSkills 6).


Figure B10.3 shows how researchers use a probe to find a particular plasmid in a cDNA library. The labeled probe will bind to its complementary sequence in the library. In this way, the recombinant cell that contains the specific cDNA of interest can be identified by the researchers.



          
          
                Figure B10.3
                Finding a Specific cDNA by Probing a cDNA Library.
              

            
          
              
                        [image: A diagram shows a 6-step process involved in finding a specific c D N A by probing a c D N A library.] 
              

          

          

          
                          The diagram shows the six steps for the process of screening a c D N A library. Transformed E. coli cells are grown and broken open to reveal their D N A, which is then probed with a labeled D N A molecule. The steps are as follows.


	Step 1. Grow transformed E. coli cells containing plasmids on many plates. Each colony contains a different c D N A.


	Step 2. Lay a filter on each plate, then remove. Some cells from each colony stick to the filter.


	Step 3. Treat bacteria, on the filter, with chemicals to break open sells and make D N A’s single stranded.


	Step 4. Probe filters with labeled D N A specific for the c D N A of interest. The labeled probe is a short sequence of single stranded D N A.


	Step 5. Find probe. The labeled probe D N A binds to its complementary sequence in the c D N A library, making the labeled colony readily apparent.


	Step 6. Identify colony. On original plates, find colony of E. coli cells that contain the c D N A of interest. Sample cells, frown, and analyze. E. coli containing c D N A of interest is highlighted in the plate.



      
    
          

        






        

      

    


      
        
          
Amplifying DNA Using the Polymerase Chain Reaction (PCR)


Another powerful technique for making lots of identical copies of (amplifying) a particular region of DNA is the polymerase chain reaction. The polymerase chain reaction (PCR) is an in vitro DNA synthesis reaction that uses DNA polymerase to replicate a specific section of DNA over and over. The amplified DNA can be used for cloning into a plasmid vector or for many other types of analyses (Ch. 20, Section 20.3).


DNA polymerase cannot work without a primer (Ch. 15, Section 15.3). As Figure B10.4a shows, the primer sequences used must be complementary to bases on either side of the target region—the DNA you want to copy. One primer is complementary to a sequence directly downstream (toward the 3′ end) of the target DNA on one of the double strands; the other primer is complementary to a sequence on the opposite strand of DNA, also directly downstream of the target region. If the target DNA molecule is made single stranded, then the primers can bind to their complementary sequence, as shown in Figure B10.4b. Once the primers are bound, DNA polymerase will extend each new strand of DNA in the 5′→3′ direction.



          
          
                Figure B10.4
                The Polymerase Chain Reaction Requires Appropriate Primers.
              

            
          
              
                        [image: The polymerase chain reaction requires appropriate primers.] (a) To design an appropriate primer, the base sequences at the primer binding sites must be known. (b) The primers bind by complementary base pairing to single-stranded target DNA.

 
              

          

          

          
                          The two diagrams show appropriate primers for D N A and single strands. The diagrams are as follows.


	P C R primers must bind to sequences on either side of the target sequence, on opposite strands. The diagram shows a double-stranded molecule of D N A. In the center is the region of D N A to be amplified by P C R. On the bottom strand left, closer to the 3 prime end, of the target D N A, is the primer binding site. On the top strand, right, closer to the 3 prime end, of the target D N A, is the primer binding site.


	When target D N A is made single-stranded, primers bind and allow D N A polymerase to work. The D N A molecule from diagram a is now split. On the bottom strand, a primer, left to right 5 prime to 3 prime, binds to the region left, closer to the 3 prime end, of the target D N A. On the top strand, a primer, left to right, 3 prime to 5 prime, binds to the region right, closer to the 3 prime end, of the target D N A.



      
    
          

        







MODEL



Indicate where DNA polymerase would begin to work on each strand; add an arrow indicating the direction of DNA synthesis.

	
analyze﻿ The polymerase will begin at the 3′ end of each primer. On the top strand in part (b), it will move to the left; on the bottom strand, it will move to the right. As always, synthesis is in the 5′→3′ direction.











Figure B10.5 shows the steps involved in the polymerase chain reaction.


	
	
Step 1Set up reaction. The researcher creates a reaction mixture containing an abundant supply of the four deoxyribonucleoside triphosphates (dNTPs; Ch. 15, Section 15.3), a DNA sample that includes the target DNA of interest, many copies of the two primers, and a heat-resistant DNA polymerase.


	
Step 2
Denaturation. The reaction mixture is heated to 95°C–98°C. At this temperature, double-stranded DNA denatures. This means that the two DNA strands separate, forming single-stranded templates.


	
Step 3Primer annealing. The mixture is allowed to cool to 50°C–72°C, depending on the polymerase and the primer sequences used. In this temperature range, the primers bind, or anneal, to complementary portions of the single-stranded template DNA.


	
Step 4Extension. The reaction mixture is heated to 72°C. At this temperature, the heat-resistant DNA polymerase efficiently synthesizes the complementary DNA strand from the dNTPs, starting at the primer.


	
Step 5Repeat steps 2 through 4.


	
Step 6Continue repeating steps 2 through 4 until the necessary number of copies is obtained.








          
          
                Figure B10.5
                The Polymerase Chain Reaction Produces Many Copies of a Specific Sequence.
              

            
          
              
                        [image: A diagram shows a 6-step process involved in the polymerase chain reaction that produces many copies of a specific sequence.] Each PCR cycle (denaturation, primer annealing, and extension) results in a doubling of the number of target sequences.

 
              

          

          

          
                          The diagram shows the six steps of the polymerase chain reaction process. Repeatedly splitting apart D N A and copying each strand, produces multiple copies of a specific sequence. The steps are as follows.


	Step 1. Start with a solution containing target D N A, primers, heat-resistant D N A polymerase, and an abundant supply of the four d N T P’s. A red highlight indicates the target D N A sequence in the diagram.


	Step 2. Denaturation. Heating separates strands in double helix. The diagram shows two single-strand molecules, part of one cycle.


	Step 3. Primer annealing. At lower temperatures, primers bind to single-stranded template D N A by complementary base pairing. The diagram shows two single strands with complementary base pairing with the primers, part of one cycle.


	Step 4. Extension. Heat-resistant D N A polymerase uses d N T P’s to synthesize complementary D N A strand, starting at the primer. The diagram shows the sequence opposite the target D N A sequence is now double-stranded from the primer to one end synthesizing in 5 prime to 3 prime direction, part of one cycle.


	Step 5. Repeat cycle of three steps, Step 2 through Step 4, again, doubling the copies of D N A. The diagram shows four copies of D N A with target sequence.


	Step 6. Repeat cycle 20 to 30 times, to produce millions of copies of target D N A. The new copies contain just the target sequence D N A, flanked by primers on either side.



      
    
          

        

The temperature changes required in each step are controlled by automated PCR machines, and there is no need to add more components to the reaction mixture once the reaction starts.


The denaturation, primer annealing, and extension steps constitute a single PCR cycle. If one copy of a target sequence existed in the original sample, then two copies are present at the end of the first cycle (see step 4 in Figure B10.5). These two copies then act as templates for the second cycle—another round of denaturation, primer annealing, and extension—after which four copies of the target DNA are present (see step 5).


Each time the cycle repeats, the number of copies of target DNA in the reaction mixture doubles (step 6). Doubling occurs because the strands of each newly synthesized segment of DNA serve as templates in the subsequent cycle, along with the previously synthesized segments. Starting with a single target copy, successive cycles result in the production of 2, 4, 8, 16, 32, 64, 128, 256 copies, and so on. A total of n cycles can generate 2n copies. In just 20 cycles, one double-stranded molecule can be amplified to over a million copies.







        

      

    


      
        
          
Dideoxy Sequencing




After cloning a gene or amplifying a region of DNA by PCR, molecular biologists often want to determine the DNA’s base sequence. One way to do this, called dideoxy sequencing, is a clever variation on the basic in vitro DNA synthesis reaction.




The key is to use monomers for DNA synthesis called dideoxyribonucleoside triphosphates (ddNTPs) along with the normal deoxyribonucleoside triphosphates (dNTPs; Ch. 15, Section 15.3) in the reaction mixture. The ddNTPs are identical to dNTPs, except they lack a hydroxyl group at their 3′ carbon. Four types of ddNTPs are used in dideoxy sequencing, each named according to whether it contains adenine (ddATP), thymine (ddTTP), cytosine (ddCTP), or guanine (ddGTP). The use of ddNTPs inspired the name dideoxy sequencing.




If a ddNTP is added to a growing DNA strand, it terminates synthesis. Why? After a ddNTP is added, no hydroxyl group is available on a 3′ carbon to link to the 5′ carbon on an incoming dNTP monomer. As a result, DNA polymerization stops once a ddNTP is added.




Every time a ddNTP is added to a growing strand, the result is a fragment with a length corresponding to the position in the template of a base complementary to the ddNTP. To produce these fragments, biologists create a reaction mixture containing many copies of (1) the single-stranded template DNA to be sequenced, (2) a primer, and (3) DNA polymerase, as well as (4) a large supply of the four dNTPs and (5) a small amount of the four ddNTPs (Figure B10.6, step 1). Each of the four ddNTPs carries a different fluorescent tag. Fluorescent molecules absorb light at one wavelength and reemit the light at a longer wavelength. As described in BioSkills 6, they provide a very sensitive way of detecting molecules.





          
          
                Figure B10.6
                Dideoxy Sequencing Can Determine the Base Sequence of DNA.
              

            
          
              
                        [image: A diagram shows a 5-step process involved in the Dideoxy sequencing that can determine the base sequence of D N A.] 
              

          

          

          
                          The diagram shows the five steps for the dideoxy sequencing process. Using d d N T P’s that terminate D N A synthesis, the sequence of fragments can be determined. The steps are as follows.


	Step 1. Incubate reaction mixture. Many normal d N T P’s, few d d N T P’s, template D N A, a primer for the target sequence, D N A polymerase. The diagram shows normal d N T P’s, extend D N A strand, have an O H group while d d N T P’s, terminate synthesis, have no O H group but an H instead. The d N T P blocks have a red label as follows. A, G, G, T, A, T, C, G, C. Each d d N T P has a different fluorescent label as follows, A is green, G is purple, C is blue, and T is orange.


	Step 2. D N A synthesis occurs. Each strand will end with a labeled d d N T P, complementary to a base on the strand. The diagram shows the template D N A and three non-template D N A strands, each ending at a different base due to the incorporation of a d d N T P. The following table provides the sequences for the strands.




	Strand
	First primer sequence
	Target sequence



	Template D N A
	3 prime C G A A T
	C
	A
	T
	T
	A
	G
	G
	C
	5 prime end



	Primer and non template D N A
	5 prime G C T T A
	G
	T
	A
	A, Green
	3 prime end
	
	
	
	



	Primer and non template D N A
	5 prime G C T T A
	G
	T
	A
	A
	T
	C
	C
	G, Purple
	3 prime end



	Primer and non template D N A
	5 prime G C T T A
	G
	T
	A
	A
	T
	C
	C, Blue
	3 prime end
	




	Step 3. Collect D N A strands that are produced. Fragments of newly synthesized D N A are different lengths and have distinctive labels due to the incorporation of d d N T P. The diagram shows long and short fragments with various labels.


	Step 4. Separate fragments via electrophoresis in a capillary tube, short fragments travel faster. The diagram shows a clear tube, with a gradient from long fragments on the left to short fragments on the right.


	Step 5. Read output on automated sequencing machine. The graph shows that the fluorescence from each individual d d N T P results in a short, sharp peak for that base. Repeated bases have a duplicated peak depicted in the output. Peaks read from left to right, long fragments to short fragment, G C C T A A T G. Thus, the sequence of the non-template D N A is 5 prime G T A A T C C G 3 prime.



      
    
          

        



Under these conditions, many new strands of different lengths are synthesized. All fragments that are the same length end in the same kind of ddNTP.




Step 2 in Figure B10.6 shows why:





	
                  DNA polymerase synthesizes a complementary strand from each template strand in the reaction mixture.

              

	
                  The synthesis of each one of these complementary strands starts at the same point—the primer.

              

	
                  Because there are many dNTPs and relatively few ddNTPs in the reaction mixture, dNTPs are usually incorporated opposite each complementary base on the template strand as DNA polymerase works its way along the template strand. Incorporating a dNTP allows DNA synthesis to continue.

              

	
                  Occasionally, one of the few ddNTPs is incorporated into the growing strand, opposite the corresponding base in the template. The complementary base in the template strand pairs randomly with either a ddNTP or a dNTP.

              

	
                  The addition of the ddNTP stops further elongation of the newly synthesized strand.

              

	
                  “Stops” of this kind happen for each base in the template strand. As a result, the overall reaction produces a collection of newly synthesized strands (fragments) whose various lengths correspond to the location of each base in the template strand (see step 3 in Figure B10.6). Each fragment will fluoresce in the color of its terminal ddNTP.

              






Using gel electrophoresis in a capillary tube (step 4 in Figure B10.6), biologists can line up the fragments in order of size. When the fragments are lined up by size, the incorporated dideoxy nucleotides on the successive fragments reveal the sequence of bases in the template DNA. As step 5 shows, a machine can read out the pattern of fluorescence, indicating the sequence of bases in the newly synthesized strand.




Since the development of dideoxy sequencing, many innovative ways to sequence DNA have followed, each vastly increasing the sequence output and reducing overall cost. Collectively, these methods are now referred to as next-generation sequencing (NGS). Most of these methods are based on amplification steps that create many copies of a template DNA molecule. This allows sequencing minute quantities of DNA—even the DNA from a single cell is often enough. Just as important, in contrast to dideoxy sequencing, next-generation methods are massively parallel, meaning that they can simultaneously sequence millions of DNA fragments in a single run.
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image of mouse intestine image of same tissue as in (a) forming a blood vessel
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(a) Read the axes—what Is being plotted?

Average % protein

35+
30
25 Valu_eson
e y-axis
20 depend on ...
15+
104
| --- values on
54 & Xx-axis
O T T T T T v T T T T T
0 10 20 30 40 50 60 70 80 90 100

Generation

(b) Look at the data points (or bars)—what do they represent?

Average % protein

35+
30+
25+
204 This data point means that in the 20th
_____ generation of this experiment, an average
o A kernel in the study population was about
155 15% protein
10+
5_
O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Generation

(c) What’s the punch line?

Average % protein

35+

30+
25+
20+

154
Over the 100 generations

represented here, average
% protein fluctuated from
5 generation to generation
but generally increased

O T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Generation
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(a) PCR primers must bind to sequences on either side of the
target sequence, on opposite strands.

Primer
5 binding site 3
T TSIV TTRTYRYICHe VeV RR AR
3 - It + J 5
Primer Region of DNA to
binding site be amplified by PCR

(b) When target DNA is made single stranded, primers bind and
allow DNA polymerase to work.
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PROCESS: THE POLYMERASE CHAIN REACTION

Heat-resistant DNA polymerase

1. Start with a solution
containing target
DNA, primers,
heat-resistant DNA
polymerase, and an
abundant supply

of the four dNTPs.

2. Denaturation
Heating separates
strands in double
helix.

3. Primer annealing

At lower temperatures,
primers bind to single-
stranded template

DNA by complementary
base pairing.

One cycle
A

4. Extension
Heat-resistant DNA
polymerase uses
dNTPs to synthesize
complementary DNA
strand, starting at
primer.

5. Repeat cycle of three
steps (2-4) again,
doubling the copies of
DNA.

times, to produce
millions of copies of
target DNA.

E 6. Repeat cycle 20-30
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(@) Transmission electron microscopy: High magnification of cross sections (b) Scanning electron microscopy:
Lower magnification of surfaces
Tungsten filament

(source of electrons) ﬁ
Condenser lens @
Specimen CD)

Objective lens

Projector lens @

_——"7"0’.2 m-

fluorescent screen 4—— Cross section of F coli bacterium Surface view of F coli bacteria
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(a) Cork tissue (actually aead “cells™) (b) "Animalcules™ (actually single-celled organisms)
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Unit of Measurement

Converting Metric Units

Measurement and Abbreviation Metric System Equivalent to English Units
Length kilometer (km) 1km =1000m =10 m 1 km = 0.62 mile
meter (m) 1 m =100 cm 1 m = 1.09 yards = 3.28 feet = 39.37
inches
centimeter (cm) 1cm=0.01m=102%m 1.cm = 0.3937 inch
millimeter (mm) 1mm=0001m=103%m 1 mm = 0.039 inch
micrometer (um) 1um=10"%m=10"°%mm
nanometer (nm) 1nm=10m=10"3 pm
Area hectare (ha) 1 ha = 10,000 m? 1 ha = 2.47 acres
square meter (m?) 1 m? = 10,000 cm? 1 m? = 1.196 square yards
square centimeter (cm?) 1.cm? =100 mm?2 = 1074 m? 1 cm? = 0.155 square inch
Volume liter (L) 1L =1000 mL 1L =1.06 quarts
milliliter (mL) 1mL=1000pL=10"3L 1 mL = 0.034 fluid ounce
microliter (uL) 1uL=10"°L
Mass kilogram (kg) 1 kg = 1000 g 1 kg = 2.20 pounds
gram () 1g=1000 mg 1 g =0.035 ounce
milligram (mg) 1mg=1000pg=10"3g
microgram (ug) 1ug=10°%g
Temperature Kelvin (K)* K =°C +273.15
degrees Celsius (°C) °C = g(ﬂ: - 32)
degrees Fahrenheit (°F) F = (g X °C) + 32
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PROCESS: CREATING A cDNA LIBRARY

1. Isolate mRNAs
(in this case, from
a cell or tissue type
of interest).

Reverse ;

Single-

transcriptase stranded
cDNA 2. Synthesize single-
stranded cDNA
from each mRNA
mRNA using reverse

transcriptase.

Double- 3. Make cDNA
stranded double-stranded
cDNA using reverse

transcriptase or
ar DNA polymerase.

Annealed
sticky ends

4. Make recombinant
plasmid: Insert each
) double-stranded cDNA
Recombinant into a different plasmid.
plasmid (See Figure B10.1 for
an explanation of
“sticky ends.”)

5. Transformation:
Introduce recombinant
plasmids into E. coli
cells by making cells
permeable to DNA.
Each cell contains one
type of recombinant
plasmid and thus one
type of cDNA. The
collection of cells is
the cDNA library.
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7 Film showing diffraction pattern
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In this chapter you will learn about
Key themes to structure your thinking about biology

starting with and including

The process of

that something is alive? 1.1 doing biology 1.6 ’

’seoond v and third

Life processes [ Life evolves 1.4]
information

and requires
energy 1.3

‘ What does it mean to say ’

Life is cellular

and replicates
through cell
division 1.2

; which predicts
[ The tree of life 1 .5]
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Response Percentage of Children
Complete response 37.5
Stable disease 50

Progressive disease 12.5
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Messenger
RNA

\/&__/ Protein

Proteins determine
physical traits
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Saharan desert ants meander long distances to find
food (insect carcasses) but then return to
the nest in a straight line.

Food
=
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PROCESS: DIDEOXY SEQUENCING

Normal dNTPs ddNTPs
(extend DNA strand) (terminate synthesis)

lﬁ ~No OH

1. Incubate
reaction mixture:

® many normal
T dNTPs

Each ddNTP o few ddNTPs
has a different * template DNA
fluorescent label o 4 primer for the
target sequence
* DNA polymerase

2. DNA synthesis
occurs. Each
strand will end
with a labeled
ddNTP (comple-
mentary

to a base on the

| | template strand).
e 7|1 |a c|

H3
Primer Non-template DNA

3. Collect DNA
strands that are
produced.
Fragments of newly
synthesized DNA
are different lengths
and have distinctive
labels.

Long fragments Short fragments

4. Separate

( ) %.Mﬁ- M‘u o et fragments via

electrophoresis

in a capillary tube

V V \ V V 7 V V (short fragments
travel faster).

Output

5. Read output
on automated
sequencing
G C cC T A AT G machine.

5 GTAATCCG ¥
Sequence of non-template DNA
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Rule Example Scientific Notation Number of Significant Figures
Nonzero numbers are always significant. 35,214 3.5214 x 10* 5

Embedded zeros are always significant. 1.035 1.035 x (109 4

Leading zeros are never significant. 0.00352 352 x 1072 3

Trailing zeros are significant only if the 200 vs. 200.0 2 x 102 vs. 2.000 x 10? 1vs. 4

decimal point is specified.
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PROCESS: USING PLASMIDS IN CLONING

GAATTC GAATTC L . .
CTTAAG CTTAAG 1. Begin with plasmid (left) and foreign

Foreign DNA (right). The plasmid and foreign
§ DNA / DNA need to contain a recognition site
for the same restriction endonuclease.

Recognition sites
Antibiotic-resistance | . (same sequence
‘ gene as in plasmid)

Plasmid

Restriction -
endonuclease

2. Add restriction endonuclease.
A restriction endonuclease makes
staggered cuts at each of the
recognition sites.

Antibiotic-resistance
gene

J capable of hydrogen-bonding
Sticky ends with a complementary sequence.

Foreign g
Wi g G
TAAG

\PODD 3. Sticky ends result. Recognition
\ S sites now have “sticky ends”

\qpg, Antibiotic-resistance
gene q

4. Insert foreign DNA into plasmid.
Sticky ends on plasmid and on foreign
DNA bind by complementary base
pairing. DNA ligase catalyzes formation of
q a phosphodiester bond at points marked
| Antibiotic-resistance iq g% by green arrows, “sealing” the inserted

‘ gene DNA.

Recombinant
plasmid

5. Transformation and cloning.
Introduce recombinant plasmids into

E. coli cells by making cells permeable

to DNA. Each cell contains one type of
recombinant plasmid. Each cell is allowed
to divide, producing many copies (clones)
of the recombinant plasmid.
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PROCESS: SCREENING A cDNA LIBRARY

1. Grow transformed
E. coli cells containing
plasmids on many
plates. Each colony
contains a different
cDNA.

2. Lay a filter on
each plate, then
remove. Some cells
from each colony
stick to the filter.

3. Treat bacteria with
chemicals to break
open cells and make

DNAs single stranded.
Labeled probe @ 4. Probe filters with
TR labeled DNA specific
for the cDNA of
o - o>
@‘@ Cw = e interest.
Labeled @
colony 5. Find probe. The
labeled probe DNA
< binds to its
complementary
sequence in the
cDNA library.
E. coli containing .
cDNA of interest 6. Identify colony.

On original plates,
find colony of E. coli
cells that contains
the cDNA of interest.
Sample cells, grow,
and analyze.
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Basic Local
Alignment Search
Tool (BLAST)

Description

Many uses, including comparison of nucleotide or protein sequences to
sequence databases, matching DNA microarray profiles, designing primers
for PCR, searching markers for phylogenetic analyses

URL
https://blast.ncbi.nim.nih.gov/Blast.cgi

Protein Data Bank
(PDB)

Information about the three-dimensional shapes of proteins, nucleic acids,
and complex assemblies; tools and resources for education and research

www.rcsb.org/

GenBank

The National Institutes of Health genetic sequence database, containing an
annotated collection of all publicly available DNA sequences

https://www.ncbi.nlm.nih.gov/genbank/
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In this book you will learn that

BioSkills

Asking Questions and Designing Studies

N h ) starting with
are essential for doing biology
Chapter 1: Introduces core principles and best practices
Big Picture 1: Provides a visual summary of how to think like a biologist
The narrative throughout the text models how to think like a biologist,
including end-of-chapter and end-of-unit case studies.
Research boxes, graphs, and other visual models in each chapter help
you to visualize scientific ideas.
then using this BioSkills
section to review and
practice with
Quantifying Biology Using Common Lab Tools Visualizing Biology Reading Biology
1: Using the Metric System and 6: Separating and Visualizing 12: Reading and Making Visual 15: Translating Greek and Latin
Significant Figures Molecules Models Roots in Biology
2: Reading and Making Graphs 7: Separating Cell Components 13: Reading and Making 16: Reading and Citing the
by Centrifugati i i i
3: Interpreting Standard Error y Lentriiugation Phylogenetic Trees Primary Literature
Bars and Using Statistical 8: Using Spectrophotometry 14: Reading Chemical
Tests 9: Using Microscopy Structures
4: Working with Probabilities 10: Using Molecular Biology See 2: Reading and Making
5: Using Logarithms Tools and Techniques Graphs

11: Using Cell Culture and
. where
Model Organisms as Tools SUCCESS
requires

where
Success
requires

Monitoring Your Own Learning
where success requires

17: Recognizing and Correcting Misconceptions

18: Using Bloom’s Taxonomy for Study Success

19: Reflecting on Thinking and Learning
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PEDOMETER HYPOTHESIS: Desert ants keep track of stride number and length to calculate how far they are from the nest.

NULL HYPOTHESIS: Stride number and length have nothing to do with navigation (the ants use some other mechanism to navigate).

EXPERIMENTAL SETUP (TEST 1):

1. Ants walk from nest to feeder. 75 ants are collected.

Nest

[
|
T
I
0

1
l)» Feeder

T
5 10m

2. Manipulation of legs. Three treatments, 25 ants each.

O U |
Cut legs Leave Add pig
to create legs typical bristles as
shortened length lengthened
legs legs

3. Ants return “home” from feeder and search for nest hole.

Py
[ ? |
Feeder sm =
I 1 1 1 1
0 5 10 15 20m

EXPERIMENTAL SETUP (TEST 2):

1. Recapture manipulated ants from Test 1.

O ™ u u
shortened typical lengthened
legs legs

2. The three treatments of ants walk from nest to feeder again.

[ |
4)» Feeder

1
10m

Nest —rl
I T
0 5

3. Ants walk back “home” from feeder again.

n
I ? 1
Feeder jmm =
I ] T T 1
0 5 10 15 20m

PREDICTION OF PEDOMETER HYPOTHESIS:

Ants with shortened legs will go too far; ants with lengthened legs will
stop short.

PREDICTION OF NULL HYPOTHESIS:

No differences among the three groups.

PREDICTION OF PEDOMETER HYPOTHESIS:
All three groups will start looking for nest after walking 10 m.

PREDICTION OF NULL HYPOTHESIS:
No difference from the observed results in Test 1.

RESULTS:

Lengthened }—-—|

Typical i—-—{
Shortened l—-—{

T
0 5 10 15 20
Homebound run (m)

Lengthened l—-.-—1
Typical I—-—<
Shortened I—-—1

T } T
0 5 10 15 20
Homebound run (m)

S

CONCLUSION: Desert ants use information on stride length and number to calculate how far they are from the nest.
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P Value
P> 0.05

Asterisk Rating

None

Statistical Significance Level

Not significant

Meaning

Greater than a 1 in 20 chance of being wrong
(i.e., incorrect rejection of the null hypothesis)

P < 0.05

Statistically significant

Less than a 1 in 20 chance of being wrong

P <0.01

Statistically significant

Less than a 1 in 100 chance of being wrong

P < 0.001

Statistically significant

Less than a 1 in 1000 chance of being wrong
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PROCESS: USING A DNA PROBE

Labeled probe

1. Make probe.
Single-stranded
DNA probe has a
label that can be
visualized.

2. Expose probe
to a collection of
single-stranded

DNA sequences.

3. Find probe.
Probe binds to a
complementary
sequence—and only
that sequence—in
target. Target DNA is
now labeled and can
be isolated.
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