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Preface

As a science educator, | have always found that the key to student
engagement is providing relevance and context. Biotechnology,
with its direct application to student lives—from disease treatment
and environmental monitoring to the snack food they eat—
resonates with and inspires students to learn.

As educators, we know that the best way to learn about science
is to do science. Biotechnology: A Laboratory Skills Course was
written to help students learn about biotechnology by performing
laboratory activities. Whether or not students plan to pursue
scientific careers, this course will give students an understanding
of biotechnology and its implications in the real world that will serve
them throughout their lives. Moreover, as my own students have
experienced, the hands-on nature of and critical thinking required
for biotechnology experiments help them develop college and
career-ready skills that are necessary in a globally competitive
world. The research skills gained in the course also raise students
above their peers when pursuing careers in laboratory science and
may also help students to secure part-time work in a laboratory
while studying at college or university.

For me, it was logical to create a biotechnology textbook that
incorporates Bio-Rad's Biotechnology Explorer™ kits. | have been
working with Bio-Rad and incorporating their kits into my science
courses for more than a decade. | have witnessed how teaching
using quality kits that generate successful results builds student
confidence and allows students to focus on mastering the skills
and understanding the science. Once students have mastered the
skills, they can then move on to more independent research and
the challenges that come with it. Moreover, as a teacher, | find that
using a kit based curriculum frees up my time so | can focus on
teaching and developing my students. In addition, Bio-Rad’s place
as a leading provider of biotechnology tools means that students
gain a competitive edge by training on similar equipment to that
which they will use in university and industrial settings.

This book is divided into nine chapters that cover different
biotechnological concepts. Each chapter contains a background
section that introduces students to the biological theory behind the

techniques and provides background to the techniques
themselves. Chapters 2-8 include a series of activities that directly
link to the chapter topic.

Chapter 1 is a general introduction to biotechnology, how it is
used and regulated, and the types of careers available.

Chapter 2 focuses on basic skills that are essential to conducting
biotechnology research, such as safety, maintaining a
laboratory notebook, measuring volumes and mass, and
making solutions.

Chapter 3 introduces microbiological and cell culturing techniques.
Chapters 4-6 introduce techniques for DNA manipulation, such
as restriction digestion, transformation, and the polymerase

chain reaction (PCR).

Chapter 7 covers basic protein analysis techniques, including
protein quantitation, chromatography, and polyacrylamide gel
electrophoresis (PAGE).

Chapter 8 extends concepts learned in Chapter 7 to the use of
antibodies in protein research.

Chapter 9 is the culmination of the course, where students take
the skills developed over the duration of the course and apply
them to an independent research project.

The goal of this book is to provide sufficient background for the
laboratory activities without being overwhelming. As such, the
background and activities are included together in each chapter so
that the relevant background information is located in the same
place as the activities.

Activities are designed to progressively develop the laboratory skills
and technical understanding that give students the grounding
necessary to perform independent research. To this end, it is
expected that laboratory notebooks are used for this course so they
learn how to document experiments as actual research scientists
do. Students should take responsibility for writing up experiments,
analyzing results, and using critical thinking skills to generate
conclusions. A Laboratory Notebook Rubric is included in Appendix
F to help clarify the requirements for experimental writeups.

The activities in this book cross many subjects and can be used to
supplement a wide variety of courses, from environmental and health
science to genetics and cell biology. The activities also bring together
science, technology, engineering, and mathematics (STEM) in an
integrated set of tools and processes. Whether this book is used to
integrate a few of these concepts or to build a complete course,
students will gain valuable experience and a deeper appreciation and
understanding of science and its role in the world today.

It is my hope that students are excited by this course and use the
information and skills learned outside of the classroom.
Biotechnology does not just happen in the laboratory; it affects our
daily lives. This book connects laboratory techniques to life in the
real world and should help students become biotech-savvy
citizens better able to make informed decisions in their own lives
and those of the people around them.

PREFACE  ix



Chapter 6

Chapter 6: Overview

¥ Invention of PCR

§ What Is PCR?

§ Thermal Cyclers

§ Types of PCR

§ PCR Optirnization

§ Techniques Based on PCR

{ Real-World Applications of PCR

§ Laboratory Activities
Activity 8.1 STR PCR Analysis
Activity 6.2 GMO Detection by PCR
Activity 6.3 Detection of the Human PVa2

Alu Insertion
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Chapter overview
gives a roadmap of
subject matter covered
in the book.

Summary

The polymerase chain reaction (PCR) has revolutionized the
study of living things. Invented by Kary Mulis in 1983, PCR
has been a springboard for molecular biology research. it is
the basis of the Human Genome Project, modem forensic
analysis, and genetic engineering. Using PCR, a small DNA
sequence consisting of just a few hundred base pairs can be
found within a genome of billions of base pairs. Billions of
copies of the sequence can be generated, making the DNA
sequences available for study and manipulation. Agriculture
has been transformed by PCR with the advent of genetically
modified crops. Even more recently, cows and goats have
been i to produce stical
drugs in their milk, creating a new industry called pharming.
PCR has made forensic analysis cheap, fast, and extremaly
acourate. Today's DNA profiles have less than a one in a
trilion chance of matching another random individual,
providing law enforcement with a powerful tool to fight crime,
PCR has also been used to compare Neanderthal and
human DNA to provide insights into how these populations
interacted tens of thousands of years ago. The activities in
this chapter use PCR to investigate DNA profiling, to detect
genetic modifications in food, and to study human ancestry.

Invention of PCR

It was on Highway 128 in California at mile marker 46.58 in Aprit
1983 that Kary Mullis (see Figure 6.1) had an epiphany. He pulied
off the road and sketched out the process that would later be
known as the polymerase chain reaction (PCR). He envisioned
the use of small pleces of DNA to bracket and replicate a section
of DNA. Mullis was a chemist working at Cetus, one of the first
biotech companies in the U.S. (Cetus was acquired by Chiron
Corporation in 1991, and Chiron was acquired by Novartis
International AG in 2006) Mulis ran a laboratory that made
oligonucieotides (short, single strands of DNA) and was interested
in methods for sequencing DNA. After reporting his theory to the
company, he was placed on the project full time. In December
1883, Mullis got the process to work and genarated millions of
copies of the target DNA sequence. Mulls was given a $10,000
bonus at the time of his discovery. He left Cetus in 1986 and won
the Nobel Prize in Chemistry in 1993 for his invention. After much
controversy regarding the patents for PCR, they were sold to
Hoffman-LaRoche for $300 million in 1992.

Figure 6.1, Kary Mulls. 193 for the ACR

The Nobel Prize: was given to Mullis because of the impact PCR
has had on the world. PCR revolutionized molecular biology and
affected research in almost all fislds of biology and beyond. PCR
made gens cloning and DNA fingerprinting accessible and
affordable to most research laboratories, whereas these
technologies previousty could be performed only by specialists at
great expense and effort. Even more important, PCR paved the
way for brand new such as

which allowed the Human Genome Project to be completed.
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What Is PCR?

PCR is a simplified version of bacterial DNA replication that coples
a specific sequence of DNA (the target sequence) so that it is
amplifid. The target sequence is replicated again and again to
make millions or billions of copies. Copies produced by PCR are
called PCR products or amplicons.

The strength of PCR lies in its ability 1o specifically target a section
of DNA within a much larger quantity of DNA, such as a whole
genome. The sequence is targeted with short, single strands of
DNA, called primers, which are designed to match and bind
fanneal) sach end of the target sequence. The first primer, called
the forward primer, anneals at the beginning of the targeted
region of DNA, and the second primer, called the reverse primer,
s designed to bind at the end of the targeted ragion (see Figure
8.2). Primers provide the specificity of PCR, selecting the ragion
to be amplified.

Fur T U L U
Figus 6.2 The polymerase chain reaction. One cycie of PR consists of
ation af p bincing of primers o the singie: DNAn

@ specific location 10 bracket the target sequence (annealingh, 8nd extension of the
primers by DNA polymeras, which rsads the sequence from the tempiate DNA
strand and adds complementary nuciealices 10 the 3'end of the primers fextensicr).
Thesa thvoe staps are regeatect and the nuMber of copies of the laet sequence
dloutses aach cycle. Afier cycle 2. thew ane 4 copies, by cycks 5 there are 32 copies,
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described in the background

for more advanced technigues.

Activities implement the technigues

information. Early activities focus on
building basic skills, while later activities
use those basic skills as a foundation

Laboratory skills are acquired
by performing the activity. The
requirements necessary to claim
proficiency in those skills are
described in the Laboratory Skills
Assessment Rubric in Appendix E.

Graphics illustrate the hands-on

activities to he
techniques.

|p students learn

Step-by-step protocols lead
students through procedures and
provide guidance on results analysis.

Activities Microbiology and Cell Culture

Activity 3.4 Gram Staining

Overview
In 1882, a technique to discriminate between the two types. of
bacterial cell walls was invented by the Danish scientist Hans
Christian Gram. This technique utilizes a four-step staining
procedure with two different dyes and s still one of the first tests
used when trying to identify unknown bacteria. Gram-positive
bacteria have a very thick layer of peptidoglycan composed of
layers of carbohydrates cross-linked with polypeptides. Crystal
violet stain binds peptidoglycan very tightly and makes the bacteria
a deep purple color. Gram-negative bacteria have a very thin layer
of peptidoglycan in between two layers of phospholipid membrane.
: The crystal vilet stain does not bind well and is washed out by
decolorizer (alcohol). Safranin, which is used as a counterstain,
\ makes gram-negative bacteria appear pink (see Figure 3.32).

Figure 3.32, A mixture of £, colf and bacteria from yagurt, The mixiure was Grarm
sta fewsd undor on ol immersion lans at 1,000x magniication

In this activity, you will perform Gram staining of E. cofl HB101 and
yogurt bacteria, You wil observe the stained bacteria using @
microscope and determine the shape of the bacteria and assess
whether they are gram-positive or negative.

Tips and Notes

Wear gloves to avoid staining your fingers. Have multiple beakers
of water available for washing the stain from the sides during the
Gram staining procedure. Wooden clothespins can be used to hold
slides while staining and flaming; these clothespins can lower the
chance of getting the stain on your fingers

Safety Reminder: Review the MSDSs of all the stains usad in this
activity. Before placing any stains on the benchtop, ensure that
flaming of siides is. compiete and that Bunsen burners are tumed
off. The decolorizer contains a high percentage of aloohol and is
very flammable. Wear appropriate PPE

Research Questions

« Are bacteria found in yogurt and E. coll HB101 bacteria gram-
posttive or gram-negative?

* What are the size and shape of £ coll HB101 and bacteria
from yogurt?

BIOTECHNOLOGY: A LABORATORY SKILLS COURSE

Objectives
Mount bacterid on a microscope slide using aseptic technique
Perform Gram ptaining of bacteria

Determine grarm status of bactaria

Determine cell phape of bacteria

Determine sizefof bactena

Skills to Master|
Refer to Laboratory Skills Assessment Rubric for more details

o Perform Gram ptaining of bacteria

Heat fix bactena to a siide

Observe bacteria using a microscope (Activity 3.3)

Differentiate gram-positive bacteria from gram-negative bactera
Identify bacteria from cell shape

Skatch microscopic details

« Estimate the size of cells using a microscope

Student Workstation Materials
ftems Quantity
Microscope and optional acoessories, including

mmersion oll and lens cleaning tissue 1
Stage micromeler (optional) Azl

Activ

ty 3.4 Gram Staining Protocol

Activity Protocol

Microbiology and Cell Culture Activities

Part 1: Heat Fix Bacteria to the Slide

1. Using a wax pencil, draw two circles about 1 cm in diameter at one end of a microscope
slide. Label the left circle Yogurt and the right E. coli.

2. i using a metal inoculation loop, steriize it by flaming. Stedle plastic loops should not be
flamed.

3. Using aseptic technique, dip the loop in sterile water so that a fim appears across the loop.
Transfer the water into the circle drawn by the wax pencil. Flame the metal inoculation loop
again or use a new sterile plastic loop, and transfer water into the second circle

4. Flame the metal inaculation loop again or obtain a new sterile plastic loop. Use the loop to
very lightly touch a yogurt colony from the Yogurt agar plate or touch the fiquid on top of the
fresh yogurt, Make suré to touch the bacterial colony or yogurt very lightly to avoid
transfering too many bacteria.

5. Transfer the loop into the water in the left circle on the microscope slide and swirl the loop to
mix the sample with the water.

<. B, Flame the metal incculation loop again o obtain a new steris

Microscops side

Bunsen burmer

Inoculation loop*

Wooden clothespin (optional)
Tissue o paper towel

Wax penci

Microbial waste container

Sterile water

Beakers of tap water

Crystal violet stain

Gram's iodina

Decolorizer (aloohol)

Safranin stain

LBS agar plate with yogurt bacterial colonies
{from Activity 3.3) o fresh yogurt

Agar plate with . col HB101 (from Activty 3.3)

* itametal inoculafion loops are avalable, one loop is sufficent and must
oy flaming with a Bunsen bumes. Alarmativel, four clsposable plastic!

b6 used,

Prelab Focus Questions

. What part of the bacterium does the Gram slahﬂl

procedure stain?

Describe the three basic shapes of bacteria and

scientific terms used to describe these shapes. |

. How do you determine the magnification when i
microscope?

»

®

Research questions and
objectives outline the
experiments.

Prelab focus questions
ensure students’
understanding of the |
activity, and postlab focus
guestions help students
analyze their results and
generate conclusions.

loop: Transfec.a colory

Appendices

pendix E:
LLaboratory Skills Assessment
Rubric :
Activity Skl Novice Developing Proficient
2.1 Follow Student may not understand the  Student understands the Student understands the
22 laboratory importance of following proper  importance of following proper impontance of following proper
23 protocols laboratory procedures. laboratory procedures. laboratory
24 Procedure is performed out of Procedure is performed in the Procedure Is pscfumsd in the
25 ‘order or is missing steps, or the  appropriate order but one or appropriate order with no steps
and all methods recorded in the more procedural steps are missed. The methods are Clearly
activities laboratory notebook are frissing. The methods recorded  and. tely recorded in the
incomplete. in the laboratory notebook are  laboratory notebook. Jen
missing one or two steps.
24 Select and wear  Student may not understand the = Student understands the Student understands the
and all proper PPE purposs of PPE. Student may purpose of PPE. Student purpose of PPE. Student wears
actiities need to be reminded to wear remembers 10 wear the most PPE appropriate 10 the task and
PPE, is missing critical PPE, or  critical PPE but may be missing  PPE s worn correctly. Student
does not verify with the instructor PPE that protects clothing. asked the instructor for
that the PPE is appropriate. Student may not have verified information on appropriate PPE
with the instructor that the PPE when unsure. b
is appropriate. -
21 Extract DNA Studant may not understand the Student understands the Student understands the
from cells purpase behind DNA extraction.  purpose behind DNA extraction.  purposé behind DNA extraction
Student performs the procedure  Student performs procedure but  and follows procedures correctly. |
incorrectly, misses steps, or performs one or more steps DNA is easily visible and may be 5 o
performs steps out of order, incormectly. DNA is visible but present in strands or clumps that .
resulting in no visible DNA. may be broken up (flecculant) can be transferred 10 another
or present in small quantities, container.
making collection difficuit
21 Precipitale DNA  Student may not understand the = Student understands the Student understancis the
principles of DNA precipitation.  principles of DNA precipitation.  principles of DNA precipitation,
Student may perform the Student may handle the sample  performs the protocol carefully,
protocol incomectly and DNAls  roughly, leading to DNA that s and obtains white, thread-fi<e
not visible, broken up or flocculent. pleces of DNA.
24 Maintain a See Laboratory Notebook See Laboratory Notebook See Laboratory Notebook
22 laboratory Rubric (Appendix F). Rubric (Appendix F). Rubric (Appendix F).
23 notebook

Usea
serological pipet
with a pipet
pump or filer

Student may not demonstrate Student demonstrates the ability  Student demonstrates ma ability
the ability to use a serological to use a serological pipet 1o use a serological pipet

pipet correctly. Student may not.  correctly. Student inserts the . Student inseﬂs the
use a pump o filler, or inserts pipet into the pump o filler pipet into the pump or filler

the pipet loosely info the pump  correctly but liquid leaks. Student correctly and no liquid escapes.
or filer such that fiquid does not  does not read the volume from  Student reads the volume from

remain in the pipet and pours out the bottom of the meniscus or

upon transfer. The cotton plug
becomes wet or volumes
transferred are inaccurate.

transfers an inaccurate volume.

the: bottom of the meniscus and
transfers an accurate volume.
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Chapter 1

Summary

Biotechnology is the merging of technology and biology.
The products of biotechnology are utilized in most peoples’
lives every day. For example, yogurt, bread, and soy sauce
are products of biotechnology that have been made for
thousands of years. Today, biotechnology products include
cutting-edge therapeutic drugs that target cancer as well as
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enzymes added to laundry detergents that remove fat stains
from clothes. The biotechnology industry is in rapid growth
after its beginnings in the late 1970s, and the number of
career opportunities in the biotechnology sector is
increasing. Biotechnology is used in many industries,
including biological research, health care, agriculture, and
manufacturing. Since the products of biotechnology are
used around the world, standard practices such as good
laboratory practice (GLP) are required to ensure that
products from different countries have the same quality.
Biotechnology is powerful; it can change the genetic
makeup of organisms including humans, which raises
ethical questions and necessitates public oversight and
governmental regulation. This chapter provides a general
outline of biotechnology, the industry and its regulations,
and the type of careers that are available in biotechnology.



qat Is Biotechnology?

Have you ever eaten yogurt, done laundry, worn contact lenses,
written on paper, or eaten a puffed corn snack? If so, you have
used products of biotechnology. Biotechnology, in its broadest
sense, is technology based on biology (see Figure 1.1).
Biotechnology seems to be a modern phenomenon; however,
thousands of years ago humans were applying technology to living
things by employing selective breeding to improve yield in plants
and utilizing microbes to make yogurt, bread, and wine. A timeline
is shown in Figure 1.2 that demonstrates the rapid expansion of
biotechnology in the last 150 years.

Bi-o-tech-'nol-0-gy: Any technological application that uses
biological systems, living organisms, or derivatives thereof, to
make or modify products or processes for specific use.

Figure 1.1. Definition of biotechnology from the United Nations Convention on
Biological Diversity in 1992. This definition was expanded in 2003.

Nowadays, biotechnology is considered separate from traditional
animal breeding, plant selection, and traditional fermentation.
Biotechnology is the use of modern molecular and microbial
technigues to make useful products or processes. There is no
definitive definition of biotechnology since it is constantly
changing; however, a thorough definition of biotechnology was
provided by the Cartagena Protocol on Biosafety to the
Convention on Biological Diversity (2003), an international treaty
on biotechnology. In the treaty, modern biotechnology is defined
as the application of techniques “that overcome natural
physiological reproductive or recombination barriers and that are
not techniques used in traditional breeding and selection.” These
technigues include “in vitro nucleic acid techniques, such as
recombinant DNA or direct introduction of nucleic acid into cells
or organelles, or the fusion of cells beyond the taxonomic family.”

Biotechnology is not a pure scientific discipline. It draws on
knowledge and techniques from many of the biological sciences,
such as genetics, molecular biology, biochemistry, cell biology, and
microbiology (see Figure 1.3). Biotechnology also draws on many
nonbiological fields of study, such as engineering, chemistry,
physics, and information technology. Conversely, many of these
disciplines also draw on the methods that biotechnology has
developed (see Figure 1.4). Biotechnology is distinguished from
other biological disciplines by its purpose to develop products and
processes. Because commercial products are created by the
biotechnology industry, biotechnology makes a direct contribution
to the world’s economy.

The Biotechnology Toolkit

Biotechnology is fundamentally a set of tools comprised of a series of
techniques that can help solve a multitude of problems. These tools can
be biological, chemical, instrumentation, or software. Biotechnology
companies such as Bio-Rad Laboratories are in the business of making
new and better tools and techniques for researchers and businesses.

Chapter 1

Bioethics

Biotechnology: Good or Bad?

Biotechnology is powerful. It can change the genetic makeup of
organisms including humans. Because of this power, biotechnology
is controversial and anti-biotechnology sentiment is common.
Anti-biotechnology activists argue that biotechnology is against
nature and that biotechnologists may misuse their power. Opponents
of biotechnology also express concern that biotechnology companies
consider their profits before taking into account the impact of their
technology on the planet and on human life. Some concerns are
unfounded and based on fear rather than scientific data, for example
that genetically modified food will genetically modify the person
eating it. However, biotechnology has real ethical implications that
should be considered in the context of real scientific data.

Biotechnologists themselves appreciate the power of the technology.
When the implications of DNA technology first became evident, the
National Academy of the Sciences organized a conference in Asilomar,
CA, in 1975. The participants drew up principles and guidelines for
conducting recombinant DNA experiments to minimize biohazards
that are generated during the experiments. The conference organizers
also brought the implications of the technology into the public

domain to encourage discussion. Today, the ethical implications

of new technologies are still central to all scientific discussion.

Where would you draw the line? Would you accept cancer therapy with
a drug made from a genetically engineered virus? Would you drink milk
from a cow treated with a recombinant growth hormone? Would you

eat genetically modified fish? Would you clone your pet? Would you
genetically modify a pre-implantation embryo to fix a genetic disease?
Would you clone yourself? Consider these questions as you learn more
about the power of biotechnology. Use the knowledge you gain in this
course to make informed decisions in your personal and professional life.
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Chapter 1
Many tools use whole cells or molecules, such as DNA, RNA,
and proteins that are derived from nature. Scientists modify these
cells and molecules to perform new tasks. Chemistry is also
important in biotechnology since many tools rely on chemical Biochemistry
interactions. Laboratory instruments are used to perform and /
aoa!yze blotochno|og|c§1 procedures and products. ongnces in Cell biology
biotechnological techniques are frequently made by finding new
ways to use or improve existing tools. The activities in this book
will introduce you to many of the tools and techniques used
in biotechnology. \ /
Biological tools include enzymes that cut and reattach DNA. These / B|OteChnO|09y \
enzymes allow scientists to transfer DNA from one organism to
another so that the recipient organism can perform a new and Nanotechnology / \ Chemistry
Clnformation technology)
Figure 1.3. Scientific disciplines that contribute to biotechnology. Orange
boxes represent biological sciences and gray boxes represent other scientific

useful task. For example, the human insulin gene was cut out of
the human genome and inserted into bacteria to give the bacteria
the ability to make human insulin. The insulin was subsequently
purified and is now used as a therapy for diabetes. The process of
moving a gene from one organism and expressing it in another is
called genetic engineering. Genetically engineered bacteria and
eukaryotic cells are biological tools that are frequently used as

factories to produce novel proteins (recombinant proteins). disciplines:
light absorbed by a solution and are used to quantitate bacteria,

Chemical tools include chromatography resins that bind
phs based‘ on particular properties of the proteins, allowing proteins, and DNA. Thermal cyclers rapidly heat and cool tubes
them to be purified from other cellular components. For example, of DNA and enzymes, thereby enabling rapid DNA replication by a
technique called the polymerase chain reaction (PCR). Among
many other applications, PCR is used in forensic laboratories to

chromatography resins are used by pharmaceutical companies to
fingerprint DNA.

Biotechnological tools and techniques are constantly being
improved and applied in new and exciting ways to help solve the

purify biological drugs produced in bacteria.
Biotechnology relies on many instruments that differ based on the
application. Some instruments measure, while other instruments

perform a function. Spectrophotometers measure the amount of
problems of mankind.
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Figure 1.2. Timeline of biotechnology.
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