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Evaluation Form for
Bioinformatics and the Human Genome Project

Your feedback is important. After you have used the module, please take a few minutes to complete and return this 
form to BSCS, Attn: HGN5, 5415 Mark Dabling Blvd., Colorado Springs, CO 80918-3842.

1. Please evaluate the Teacher Background by marking this form and providing written comments or 
suggestions on a separate sheet.

Sections used    not helpful  very helpful

Introduction    1 2 3 4 5

A Brief History of the
Human Genome Project  1 2 3 4 5

The End of the Beginning: 
The Birth of Bioinformatics  1 2 3 4 5

Bioinformatics and Evolution  1 2 3 4 5

The Tools of Bioinformatics  1 2 3 4 5

Bioinformatics and the Internet  1 2 3 4 5

Applications of Bioinformatics  1 2 3 4 5 
 
Ethical, Legal, and Social Issues  1 2 3 4 5

Glossary    1 2 3 4 5 

Additional Web Resources
for Teachers    1 2 3 4 5 

2. Please evaluate the Student Lessons by marking this form and providing written comments or 
suggestions on a separate sheet. Rate the lessons for their effectiveness at teaching the concepts of 
bioinformatics.

Lessons used    not helpful  very helpful

Lesson 1: Assembling 
DNA Sequences   1 2 3 4 5

Lesson 2: Finding Features
in the Genetic Landscape  1 2 3 4 5

Lesson 3: Mining the Genome  1 2 3 4 5

Lesson 4: Genetic Variation
and Disease    1 2 3 4 5

Lesson 5: An Informed 
Consent Dilemma   1 2 3 4 5
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3. What are the major strengths of this module?

4. What are the major weaknesses of this module?

5. Please rate the overall    not effective  very effective
effectiveness of this module:
     1 2 3 4 5

6. Please provide a description of the classes in which you used this module: (circle response)

College:       2 year   or   4 year   freshmen   sophomore   junior   senior 

liberal arts  or  science

High school:   urban  or  suburban  or  rural   grade   9     10     11     12
 
Level of class:   basic    honors    2nd year
 
How many students used the module?  How many students per class? 

Ethnicity: approximate % of minorities: 
 
7. Have you used BSCS materials before?    yes   no

Have you used the second BSCS genome module, The Human Genome Project: Biology, 
Computers, and Privacy?      yes    no

Have you used the third BSCS genome module, The Puzzle of Inheritance: Genetics and the 
Methods of Science?      yes    no

Have you used the fourth BSCS genome module, Genes, Environment, and 
Human Behavior?      yes    no

8. Please provide your name and contact information below:

Name 

School 

Mailing address           home      work

Phone           home      work

Fax           home      work

Email address 
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Introduction

To ensure a satisfying and rewarding experience 
for you and your students, we strongly encourage 
you to read the introduction and each lesson before 
implementing this module in your classroom. 

Why was this module developed?
Among the many reasons for developing this 
module, BSCS found the following to be most 
compelling:
• to help students understand how and why 

computers are essential for analyzing the 
data produced by the Human Genome 
Project;

• to introduce teachers and students to 
some of the most common bioinformatics 
methods, including searching for open 
reading frames, BLAST searches, and 
multiple sequence alignments;

• to help students appreciate the importance 
of sequences from model organisms to our 
understanding of the human genome;

• to improve understanding of our genetic 
diversity; and

• to raise some of the ethical issues associated 
with establishing and using genetic 
databases.

What background do students need 
to use this module?
To derive the greatest benefit from this 
module, BSCS suggests that students have a 
basic understanding of Mendelian inheritance 

and molecular genetics. Familiarity with the 
following topics is assumed:
• Mendel’s laws of segregation and 

independent assortment;
• the chemical nature of the gene, including 

the structure of DNA; and 
• the central dogma, which states that genetic 

information resides in DNA, passes through 
an RNA intermediate, and is ultimately 
expressed as protein.

BSCS and the 5E Instructional 
Model
Biological Sciences Curriculum Study 
(BSCS) was established in 1958 to develop 
research-based curriculum materials. BSCS 
is recognized for its leadership in developing 
science programs at the secondary level. The 
BSCS philosophy of learning is aligned with 
that of the National Science Education Standards. 
The guiding principles of the Standards  
include
• Science is for all students.
• Learning science is an active process 

whereby students describe, question, 
explain, test, communicate, and build 
critical-thinking skills.

• School science should reflect the traditions 
of contemporary science.

The BSCS approach to instruction is called 
the 5E model. It has five elements: engage, 
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explore, explain, elaborate, and evaluate. 
Each E represents part of the process of 
helping students sequence their learning 
experiences to construct their understanding of 
concepts.

First, students are engaged by an event 
or question related to the concept that the 
teacher plans to introduce. Then the students 
participate in one or more activities to explore 
the concept. This exploration provides 
students with a common set of experiences 
from which they can initiate the development 
of their understanding. In the explain phase, 
the teacher clarifies the concept and defines 
relevant vocabulary. Then the students 
elaborate and build on their understanding of 
the concept by applying it to new situations. 
Finally, students complete activities that will 
help them and the teacher evaluate their 
understanding of the concept. Tables 1 and 
2 provide specific information regarding the 
implementation of the 5E instructional model. 
Preliminary studies on student learning that 
results from instruction based on the 5E model 
show 
• an increase in achievement test scores and
• a greater increase in test scores in those 

classrooms in which the 5E model was 
implemented as intended.

Using the Student Lessons
The Human Genome Project (HGP) has 
produced billions of base pairs of DNA 
sequence, not only from the human genome 
but from a number of model organisms 
as well. This module deals with how 
computers are being used to extract useful 
biological information from this sequence 
data. Computer programs can help scientists 
to identify genes, obtain clues as to their 
functions, examine genome organization, 
establish phylogenetic relationships, predict 
protein structures, and help us to understand 
genetic disease and to design drugs.

Conceptual Organization of the Lessons
The five lessons in the module are organized 
into a conceptual whole. The module 

introduces students to DNA sequence 
assembly, to searching for genes, to performing 
BLAST searches in order to obtain clues about 
gene function, to cataloging genetic variations, 
and then to performing Web-based searches 
about genetic disorders and their molecular 
biology. The final lesson draws on information 
learned from the previous lessons. It asks 
students to consider the ethical dimensions of 
genetic databases by exploring the meaning 
of “informed consent” and using ethical 
reasoning to establish a policy that balances 
the needs of all concerned.

Lesson 1: Assembling DNA Sequences. This 
lesson engages the students in the study of 
bioinformatics by asking them to play the roles 
of employees of the fictitious biotechnology 
company Onconomics Corporation. As such, 
they are asked to assemble a DNA sequence 
from a series of shorter overlapping sequences. 
This lesson asks students to recall aspects of 
DNA structure and makes clear why the use of 
computers is essential to bioinformatics.

Lesson 2: Finding Features in the Genetic 
Landscape. Students begin the process of 
extracting useful biological information from 
their DNA sequence. Using pencil and paper, 
they use the genetic code to translate their 
DNA sequence into amino acid sequences 
in all possible reading frames. They use the 
computer to access the module’s Web site 
and perform multiple DNA and amino acid 
sequence alignments on the class’s sequence 
data. Students catalog the extent of genetic 
variation that is present and establish whether 
their sequences could be part of a gene. 

Lesson 3: Mining the Genome. This lesson 
introduces the students to a simulated BLAST 
search. Using the Web site, students input 
their DNA sequence and have the BLAST 
program compare it to all those found in 
its genetic database. They retrieve a list of 
DNA sequences that match or resemble their 
sequence. This search helps provide clues as to 
the function of their putative gene.
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What the Teacher Does

Stage of the
Instructional 
Model

This Is Consistent with the 5E 
Instructional Model

This Is Not Consistent with the 5E 
Instructional Model

Engage • Piques students’ curiosity and interest
• Determines students’ current understanding 
   (prior knowledge) of a concept or idea
• Invites students to express what they think
• Invites students to raise their own questions

• Introduces vocabulary
• Provides definitions and answers
• Provides closure
• Discourages students’ ideas and 
   questions

Explore • Encourages student-to-student interaction
• Observes and listens to the students as 
   they interact
• Asks probing questions to redirect the 
   students’ investigations when necessary
• Asks questions to help students make 
   sense of their experiences
• Provides time for students to puzzle 
   through problems

• Provides answers
• Proceeds too rapidly for students to 
   understand 
• Provides closure
• Tells the students that they are wrong
• Gives information and facts that solve 
   the problem
• Leads the students step-by-step to a 
   solution

Explain • Encourages students to use their common 
   experiences and data to develop 
   explanations
• Asks questions that help students express 
   understanding and explanations
• Requests justification (evidence) for 
   students’ explanations
• Provides time for students to compare their
   ideas with those of others and perhaps to 
   revise their thinking
• Introduces terminology and alternative 
   explanations after students express their 
   ideas

• Neglects to solicit students’ explanations
• Ignores data and information students 
   gathered from previous lessons
• Dismisses students’ ideas
• Accepts explanations that are not 
   supported by evidence
• Introduces unrelated concepts or skills

Elaborate • Focuses students’ attention on conceptual 
   connections between new and past 
   experiences
• Encourages students to use what they have 
   learned to explain a new event or idea
• Reinforces students’ use of scientific terms 
   and descriptions previously introduced
• Asks questions that help students draw 
   reasonable conclusions from evidence

• Neglects to help students connect new
   and past experiences
• Provides definitive answers
• Tells the students that they are wrong
• Leads students step-by-step to a solution

Evaluate • Observes and records as students 
   demonstrate their understanding of 
   concepts and performance of skills
• Provides time for students to compare their 
   ideas with those of others and perhaps to 
   revise their thinking
• Interviews students as a means of 
   assessing their developing understanding
• Encourages students to assess their own 
   progress

• Tests vocabulary words, terms, and 
   isolated facts
• Introduces new ideas or concepts
• Creates ambiguity
• Promotes open-ended discussion 
   unrelated to the concept or skill

Table 1
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What the Students Do

Stage of the
Instructional 
Model

This Is Consistent with the 5E 
Instructional Model

This Is Not Consistent with the 5E 
Instructional Model

Engage • Become interested in and curious about the
   concept/topic
• Express current understanding of a concept 
   or idea
• Raise questions such as What do I already 
   know about this? What do I want to know 
   about this?

• Ask for the “right” answer
• Offer the “right” answer
• Insist on answers or explanations
• Seek closure

Explore • “Mess around” with materials and ideas
• Conduct investigations in which they 
   observe, describe, and record data
• Try different ways to answer a question
• Acquire a common set of experiences so 
   they can compare results and ideas
• Compare their ideas with those of others

• Let others do the thinking and exploring 
• Work quietly with little or no interaction
   with others 
• Stop with one solution
• Demand or seek closure

Explain • Explain concepts and ideas in their own 
   words
• Base their explanations on evidence 
   acquired during previous investigations
• Become involved in student-to-student 
   conversations in which they debate their 
   ideas
• Record their ideas and current 
   understanding
• Reflect on and perhaps revise their ideas
• Express their ideas using appropriate 
   scientific language
• Compare their ideas with what scientists 
   know and understand

• Propose explanations from “thin air” with 
   no relationship to previous experiences
• Bring up irrelevant experiences and 
   examples
• Accept explanations without justification
• Ignore or dismiss other plausible 
   explanations
• Propose explanations without evidence to 
   support their ideas

Elaborate • Make conceptual connections between new 
   and past experiences
• Use what they have learned to explain a new 
   object, event, organism, or idea
• Use scientific terms and descriptions
• Draw reasonable conclusions from evidence 
   and data
• Communicate their understanding to others

• Ignore previous information or evidence
• Draw conclusions from “thin air”
• Use terminology inappropriately and 
   without understanding

Evaluate • Demonstrate what they understand about 
   the concepts and how well they can 
   implement a thinking skill
• Compare their current thinking with that of 
   others and perhaps revise their ideas
• Assess their own progress by comparing 
   their current understanding with their prior 
   knowledge
• Ask new questions that take them deeper
   into a concept or topic area

• Disregard evidence or previously 
   accepted explanations in drawing 
   conclusions
• Offer only yes-or-no or memorized 
   answers
• Fail to express satisfactory explanations
   in their own words
• Introduce new, irrelevant topics

Table 2



Bioinformatics and the Human Genome Project

4 5

Introduction

Lesson 4: Genetic Variation and Disease. Students 
make a connection between their DNA 
sequences and the rare genetic disease ataxia 
telangiectasia. Students use simulated public 
and private Web resources to find out what 
they can about this disease. Based on their 
research, students recommend whether or not 
the company should pursue research into this 
disorder.

Lesson 5: An Informed Consent Dilemma. 
Onconomics receives a letter from a DNA 
donor asking about her medical status. 
Although the company has a policy of not 
supplying donors with information about 
their samples, it is clear that the company 
has information of importance to her. The 
company debates the consequences of telling 
her and not telling her what they know about 
her sample. Students have the option to 
investigate the concept of “dynamic informed 
consent” and debate whether or not to use it at 
the Onconomics Corporation.
 

Using the Web Site
Bioinformatics and the Human Genome Project 
requires students to use computers with access 
to the Internet. Three of the student lessons 
make use of a Web site created specifically 
for use with this module. The Web site can be 
accessed from Macintosh and IBM-compatible 
personal computers. To access the Web site, 
type the following URL into your browser: 
http://www.bscs.org/bioinformatics.
 
The Web site has two components: a student 
area that features materials used in the student 
lessons and a teacher area that contains the 
entire module in a downloadable PDF format. 
To access the student area, click on the link 
to Onconomics Corporation. Alternatively, type
http://onco.bscs.org/default.htm into your browser.

Lesson 4, Genetic Variation and Disease, includes 
a simulated public Web search that brings up 
information about the A-T Children’s Project. 
Students have the option of viewing four 

brief video clips that provide information and 
perspective on ataxia telangiectasia. These 
clips are not required to complete the lesson. 
The video clips require a computer with a 
sound card and the Flash 6.0 plug-in to view. A 
link is provided for those needing to download 
the Flash plug-in. The Web site also provides a 
link to the A-T Children’s Project Web site under 
the External Links option.

Before you use this Web site or any other piece 
of instructional software in your classroom, 
it may be valuable to identify some of the 
benefits you expect it to provide. Well-
designed instructional multimedia software 
can
• motivate students by helping them enjoy 

learning and want to learn more because it 
enlivens content that they might otherwise 
find uninteresting;

• offer unique instructional capabilities that 
allow students to explore topics in greater 
depth and in ways that are closer to actual 
field experience than print-based resources 
can offer;

• provide teachers with support for 
experimenting with new instructional 
approaches that allow students to work 
independently or in small teams and that 
give teachers increased credibility among 
today’s technology-literate students; and

• increase teacher productivity by helping 
them with assessment, record keeping, and 
classroom planning and management.

Many of the activities in this module are 
designed to be completed by teams of students 
working together. Although individual 
students working alone can complete these 
activities, this strategy will not stimulate the 
types of student-student interactions that 
are one of the goals of active, collaborative, 
inquiry-based learning. Therefore, we 
recommend that you organize teams of two 
students each, depending on the number 
of computers available. Students in groups 
larger than this will have difficulty organizing 
the student-computer interactions equitably, 
which can lead to one or two students 
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assuming the primary responsibility for the 
computer-based work. Although this type of 
arrangement can be efficient, it means that 
some students do not get the opportunity to 
experience the in-depth discovery and analysis 
that the Web site is designed to stimulate.

We recommend that you keep your students 
in the same teams for all the activities in the 
lessons. This will allow each team to develop 
a shared experience with the Web site and 
with the ideas and issues that the activities 
present. A shared experience also will enhance 
your students’ perceptions of the lessons as a 
conceptual whole.

If your student-to-computer ratio is greater 
than two students to one computer, then you 
will need to change the way you teach the 
module from the instructions in the lessons. 
For example, if you have only one computer 
available, you may want students to complete 
the Web-based work across an extended period 
of time. You can do this in several ways. The 
most practical way is to use your computer 
as a center along with several other centers 
at which students complete other activities. 
In this approach, students rotate through the 
computer center, eventually completing the 
Web-based work that you have assigned.

A second way to structure the lessons if you 
have only one computer available is to use 
a projection system to display the computer 
monitor onto a screen for the whole class to 
view. Giving selected students in the class 
the opportunity to manipulate the Web 
activities in response to suggestions from 
the class can give students some of the same 
type of autonomy in their learning that they 
would gain from working in small teams. 
Finally, if your students have home access to 
the Internet, you can ask them to complete 
the Web-based activities as homework 
assignments.

Dealing with Values and 
Controversial Issues
Instructors sometimes feel that discussing 
values is not appropriate in the science 
classroom or that it detracts from the learning 
of “real” science. This module, however, 
is based on the conviction that there is 
much to be gained by involving students 
in analyzing issues of science, technology, 
and society. Society expects all students 
to function as citizens in the democratic 
process, and their school experience should 
provide opportunities for them to learn how 
to deal with contentious issues with civility, 
objectivity, and fairness. Likewise, students 
need to learn that science affects life in many 
ways. Opportunities to consider some of 
these ways also will reinforce those scientific 
principles that we desire to teach.

The lessons in this module provide 
opportunities for the students to discuss, 
interpret, and evaluate bioinformatics in light 
of values and ethics. Many issues that students 
will encounter—especially the privacy of 
genetics information and related public-policy 
questions—are potentially controversial. 
How much controversy depends on many 
factors, such as the degree of similarity that 
exists among your students with regard to 
socioeconomic factors, perspectives, values, 
and religious preferences. It also will depend 
on how you handle your role as facilitator of 
the discussion. Your language and attitude 
may be the most important factors that 
determine the flow of ideas and the quality of 
the exchange among students.

Neutrality is probably the single most 
important characteristic of a successful 
discussion facilitator. The following behaviors 
will help you guide your students in 
discussions in which factual information is 
balanced with feelings.
• Encourage your students to discover 

as much information about the issue as 
possible. Ask questions that will help them 
distinguish between those components 
of an idea or issue that scientific research 
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can answer and those components that 
are a matter of values. Students should 
understand the importance of accurate 
information to any discussion and should 
recognize the importance of distinguishing 
factual information from opinions.

• Keep the discussion relevant and moving 
forward by questioning or posing 
appropriate problems or hypothetical 
situations. Invite your students to respond 
to or build on each other’s ideas. Avoid 
asking questions that have exact answers 
unless the facts are important to the 
integrity of the discussion. Encourage 
everyone to contribute, but do not force 
reluctant students into the discussion.

• Use unbiased questioning to help the 
students critically examine all views 
presented. Help your students consider 
all points of view thoroughly by asking 
them to define the relevant arguments and 
counterarguments. Let the students help 
you promote the expression of alternative 
points of view.

• Allow all feelings and opinions to be 
discussed. Avoid becoming a censor of 
views that are radical or shocking (as long 
as these views are consistent with the 
facts). When a student seems to be saying 
something for its shock value, look to 
see whether other students recognize the 
inappropriate comment and invite them to 
respond.

• Avoid seeking consensus on all issues. The 
multifaceted issues that the students discuss 
result in the presentation of divergent 
views, and students should learn that this is 
acceptable. In some cases, however, helping 
the group reach consensus on a compromise 
solution to a problem may demonstrate 
compromise as a powerful determinant of 
cooperative community action.

• Experts in science education recommend 
that teachers withhold their personal 
opinions from students during the 
discussion. The position of teacher carries 
with it an authority that might influence 
students. The danger also exists that the 
discussion might slip into an indoctrination 

of a particular value system, rather than an 
exploration of different positions. Either 
result misses the point of the lessons. If your 
students ask what you think, you may wish 
to respond with a statement such as, “My 
personal opinion is not important here. We 
want to consider your views.”

• Acknowledge all contributions in the same 
evenhanded manner. If the class senses 
that you favor one group of ideas over 
another, you will inhibit open debate and 
discussion. For example, avoid praising the 
substance of contributions. Instead, praise 
the willingness of students to contribute by 
making such comments as, “Thanks for that 
idea” or “Thanks for those comments.” As 
you display an open attitude, a similarly 
accepting climate will begin to develop 
within the class.

• Emphasize that everyone must be open 
to hearing and considering diverse views. 
Point out that we cannot make intelligent 
decisions if we close ourselves off from 
some viewpoints. Even if we cannot agree 
with or are offended by a viewpoint, we 
must still hear it so we know that it exists 
and can consider it as we shape our own 
views.

• Create a sense of freedom in the classroom. 
Remind students, however, that freedom 
implies the responsibility to exercise that 
freedom in ways that generate positive 
results for all. If necessary, remind them 
as well that there is a fine line between 
freedom and license. In general, freedom 
is a positive influence, while license often 
generates negative results.

• Insist on a nonhostile environment in the 
classroom. Do not allow your students to 
make ad hominem arguments (arguments 
that attack the person instead of the idea). 
Help your students learn to respond to ideas 
instead of to the individuals presenting 
those ideas.

• Respect silence. Reflective discussions often 
are slow. If you break the silence, your 
students may allow you to dominate the 
discussion.

• Finally, at the end of your discussion, ask 
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some students may have difficulty responding 
without specific direction. It is important, 
however, that you resist the temptation to 
intervene extensively in the initial, sometimes 
uncomfortable phase of long silences and 
faltering responses. Unless students are given 
opportunities to evaluate ideas and values 
in the context of a larger problem, they may 
never learn to do so.

Implementation Support
The following table will help you schedule 
teaching this module. It lists estimated times 
and materials required for each student lesson.

your students to summarize the points that 
they and their classmates have made. Let 
your students know that your respect for 
them does not depend on their opinion 
about some controversial issue. If students 
feel that they must respond in particular 
ways to gain your approval, your class 
will not discuss issues openly and with 
forthrightness.

Following these general suggestions should 
help you stimulate meaningful student-
to-student interaction with as little direct 
involvement by you as possible. Initially, 

Lesson Overview

Lesson Estimated Time Materials Required

Lesson 1
Assembling DNA 
Sequences

50 minutes Copymaster 1.1, Memo from the Research Director
Copymaster 1.2, Informed Consent Form
Copymaster 1.3, DNA Sequences for Contig Assembly
Envelopes

Lesson 2
Finding Features 
in the Genetic 
Landscape

Activity 1: 50 minutes
Activity 2: 50 minutes

Copymaster 2.1, Reading Frame Translations
Copymaster 2.2, The Genetic Code
Copymaster 2.3, Reading Frame Translations Answer Key
Copymaster 2.4, OncoX Electropherogram Analysis
Copymaster 2.5, OncoX Multiple DNA Sequence Alignment
Copymaster 2.6, OncoX Multiple Amino Acid Sequence Alignment
Overhead transparencies of Copymasters 2.1 and 2.2
Highlighting marking pens
Computers with Internet access

Lesson 3
Mining the 
Genome

50 minutes Copymaster 3.1, The BLAST Search
Copymaster 3.2, BLAST Searches for OncoX Project
Computers with Internet access

Lesson 4
Genetic Variation 
and Disease

Activity 1: 30 minutes
Activity 2: 30 minutes

Copymaster 4.1, Memo from the Research Director
Copymaster 4.2, OncoX Project Report Form
Copymaster 4.3, Mutation Analysis of the OncoX DNA Sequences
Computers with Internet access

Lesson 5
An Informed 
Consent Dilemma

50 minutes
50 minutes for 
extension activity

Copymaster 5.1, Letter from Lakisha
Copymaster 5.2, Directions to the Board of Trustees
Copymaster 5.3, Onconomics Benefit–Harm Analysis
Copymaster 5.4, Analyzing Lakisha’s Request
For extension activity:
Copymaster 5.5, GENE SECURE Brochure
Copymaster 5.6, Reasons for and against Contracting with GENE 
   SECURE
Copymaster 5.7, Memo from Corporate Law Office
Overhead transparency of Copymaster 5.6

Table 3
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Bioinformatics and the 
Human Genome Project

A Brief History of the 
Human Genome Project
The Human Genome Project (HGP) was 
initiated by the Department of Energy (DOE) 
in 1986 and was joined by the National 
Institutes of Health (NIH) two years later. 
Genome projects also were begun in a number 
of other industrialized countries, most notably 
the United Kingdom. On June 26, 2000, Dr. 
Francis Collins, director of the National 
Human Genome Research Institute, and Dr. 
Craig Venter, president of Celera Genomics, 
issued a joint announcement saying that they 
had independently obtained rough drafts of 
the human genome. The finished sequence is 
scheduled for completion sometime in 2003. 
This will mark the official end of the effort to 
decode the entire set of human genes. It also 
will serve to mark the unofficial start of the 
next phase of the continuing quest to 

            
Figure 1. Rough drafts of the human genome were 
published in February 2001.

understand how genetics contributes to our 
health and well-being.

The HGP was estimated to cost approximately 
$3 billion over a 15-year period. From the 
outset, the project was controversial, both 
within and outside the scientific community. 
Many scientists were concerned that funds 
spent on the HGP would take away from 
monies earmarked for basic research. Other 
objections, however, were of a more scientific 
nature.  

Critics noted that the portion of the human 
genome that actually codes for genes was 
thought to be less than 5 percent of the total. 
The remainder was dismissed as “junk” and 
not worth the cost of sequencing. Still, other 
scientists like Sydney Brenner pointed out 
that “we have the surprising result that most 
of the human genome is junk; junk and not 
garbage because there is a difference that 
everybody knows; junk is kept while garbage 
is thrown away.” Paul Berg is another scientist 
who believes that junk DNA has many 
lessons to teach us. He once gave a talk at the 
Salk Institute where he described how the 
SV40 virus can produce two different RNA 
transcripts from the same DNA sequence. 
He predicted that this strategy of “alternate 
splicing” also would apply to mammalian 
genomes. Francis Crick disagreed, and the two 
made a bet of two cases of wine. Berg made 
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similar bets with other colleagues and now has 
a well-stocked wine cellar.

As the HGP moved forward, other scientists 
worried that the resulting torrent of sequence 
data would prove overwhelming and 
unintelligible. Robert Weinberg, who at the 
time was studying genes associated with 
retinoblastoma, lamented, “I fear . . . that the 
important discussions have already been made 
and that the great sequencing juggernaut will 
soon begin its inexorable forward motion, 
flooding our desks with oceans of data whose 
scope defies conception and our ability to 
interpret meaningfully.” During the late 1980s 
when Weinberg made this remark, the ability 
of computers to analyze sequence data and 
identify genes or establish gene functions 
was quite limited. The last decade has seen 
explosive growth in the young science of 
bioinformatics and the complaint that “we 
don’t know what to do with all this sequence 
data” is no longer heard.

The draft sequence of the human genome 
contains gaps that remain to be filled. 
Nevertheless, bioinformatics has been put to 
work analyzing the data and already a number 
of important observations can be made. 
• Scientists estimate that humans have 

between 30,000 and 35,000 genes. 
 The exact number of human genes will have 

to await further analysis of the finished 
sequence. This number is lower than 
expected and is about twice the number 
of genes in the tiny roundworm C. elegans. 
Human genes occupy a tiny fraction of the 
genome. They also are divided into coding 
regions (exons) and noncoding regions 
(introns). These aspects make human genes 
challenging to identify. Apparently humans 
do more with their genes than do other 
animals. It is thought that most human 
genes can produce about three different 
proteins as compared to about one protein 
per gene for most other species. One way 
this occurs is through alternative splicing in 
which a single RNA transcript (called a pre-
mRNA) gives rise to more than one mRNA. 

Alternative splicing involves differential 
excision of introns from the pre-mRNA 
transcript. For example, an exon found in 
one mRNA will be treated as an intron and 
excised from another mRNA.

• The genetic landscape is far from uniform. 
 The human genome features both gene-rich 

and gene-poor regions. This seems to be 
characteristic of mammalian genomes but 
stands in contrast to other organisms such 
as Drosophila, C. elegans, and Arabidopsis, 
which have their genes spaced relatively 
evenly throughout their genomes. Gene-rich 
regions are predominantly composed of the 
DNA building blocks G and C and are called 
GC-rich regions. In contrast, junk DNA is 
AT rich. The GC-rich and AT-rich areas can 
be seen through the microscope as light and 
dark bands on chromosomes.

• The human proteome is larger than the 
genome.

 The proteome is the complete set of bio-
logically active proteins in a cell. Individual 
proteins are characterized by specific 
structural domains. A given protein 
domain can play different roles in different 
proteins. Humans and other vertebrates 
have taken the old protein domains used 
by invertebrates and rearranged them in 
new ways to produce larger proteomes. 
In humans, many protein families have 
expanded relative to those from other 
organisms whose genomes have been 
sequenced. This suggests that gene dup-
lication has been important to vertebrate 
evolution. 

•  The portion of the human genome that 
codes for gene products is only around 1.5 
percent. 

 Our “junk DNA” is characterized by long 
stretches of repeated sequences. Although 
these repeated sequences have no known 
function, scientists use them to study 
evolutionary relationships. Repeats can be 
dated as to when they first appeared and 
their fates can be followed as they move 
from one species to another. The human 
genome has a higher proportion of these 
repeats (50 percent) as compared to other 
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species such as Arabidopsis (11 percent), C. 
elegans (7 percent), or Drosophila (3 percent). 
It is interesting to note that humans, in 
contrast to rodents, seem to have stopped 
collecting these repeated sequences about 50 
million years ago. The relative amounts of 
junk DNA between genomes helps explain 
why the human genome is about 200 
times smaller than that of the single-celled 
amoeba.

• The mutation rate in the male germ line is 
twice that of the female germ line. 

 By examining and dating patterns of DNA 
repeats, scientists have determined mutation 
rates for the X and Y chromosomes. One 
reason for the difference between male and 
female mutation rates is that the production 
of sperm involves more cell divisions 
(and chances for mutations to occur) than 
does the production of eggs. Another 

contributing factor is the existence of 
different DNA repair systems in sperm and 
eggs.

•  As many as 200 human genes have been 
acquired from bacteria. 

 These genes are not found in other 
nonvertebrate genomes and presumably 
came to us after the emergence of 
vertebrates. Our early ancestors had few 
defenses against invading parasites. This 
so-called horizontal transfer of genes is 
unlikely to occur in humans today because 
sperm and eggs are isolated from the 
outside world and humans have developed 
immune systems to guard against such 
invasions.

•  On average, the genomes between any two 
humans differ by one base in a thousand. 
Many of these variations are single-base 
differences called SNPs (pronounced snips) 

Summary Data Taken from the Draft Sequence of the Human Genome 
•  The estimated number of genes is about 35,000. This is only one-third as great as previously 

thought and only twice as many as that of the roundworm C. elegans.
•  The haploid human genome contains 3.16 billion bases.
•  The average gene consists of about 40,000 bases, but gene sizes vary greatly. The largest known 

human gene is dystrophin (which is associated with Duchenne muscular dystrophy). It runs 
approximately 2.4 million bases.

•  Almost all bases (99.9 percent) are the same in all people.
•  The functions are unknown for over half of the discovered genes.
•  Less than 2 percent of the genome codes for proteins.
•  The proteome is larger than the genome. The average human gene produces three different 

proteins.
•  Repeated sequences that do not code for proteins make up at least half of the human genome.
•  The gene-rich regions of the genome are predominantly composed of G and C bases, while in 

gene-poor regions, A and T bases dominate. 
•  Genes appear to be concentrated in random areas along the genome, with vast expanses of 

noncoding DNA in between.
•  Chromosome 1 has the most genes (about 3,000) and the Y chromosome has the fewest (about 

230).
•  Over 1.4 million single nucleotide polymorphisms (SNPs) have been found in the human 

genome. SNPs are common single-base variations in the genome. They are being used to 
identify regions of the genome associated with disease and adverse drug reactions.

•  The number of germ line (sperm or egg cell) mutations in males is twice that seen in females. 
•  In humans, genes are unevenly spread throughout the genome, while in prokaryotes, genes are 

evenly spaced throughout the genome.
•  The human genome has a much greater portion (50 percent) of repeat sequences than 

Arabidopsis (11 percent), C. elegans (7 percent), and Drosophila (3 percent).
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for single nucleotide polymorphisms. Scientists 
have already cataloged over 1.4 million 
SNPs in the human genome. This collection 
is being used to study our evolutionary past, 
to identify genes associated with disease, 
and to understand adverse drug reactions. 

The End of the Beginning: The Birth 
of Bioinformatics 
“This is not the end. It is not even the 
beginning of the end. But it is, perhaps, the 
end of the beginning.”
   —Sir Winston Churchill

This quotation refers to the Allied victory at 
El Alamein during the Second World War, but 
also can be applied to the HGP. The human 
genome is often compared to a large book 
written in a mysterious language that had to 
be laboriously translated into a language that 
we can read. Certainly the completion of the 
translation is cause for celebration, but we 
realize that reading and understanding the 
book will require an even greater effort.

“The explosion of data produced by the 
Human Genome Project has called forth the 
creation of a new discipline—bioinformatics, 
whose focus is on the acquisition, storage, 
analysis, modeling, and distribution of the 
many types of information embedded in 
DNA and protein sequence data.” 

—L. Rowen, G. Mahairas, and L. Hood

The evolution of ideas in biology can be 
likened to the punctuated equilibria put 
forward by Niles Eldredge and Stephen J. 
Gould. According to this view, species (or 
in this analogy, conceptual understanding) 
undergo long periods of stasis interrupted by 
rapid periods of change. The rediscovery of 
Mendel’s laws led to a conceptual shift during 
the beginning of the 20th century. Likewise, the 
discovery of restriction enzymes more than 30 
years ago prompted another conceptual shift. 
These enzymes are just a tool, yet they helped 
shift biology from a largely descriptive 

science to a manipulative one. In a similar way, 
bioinformatics is helping to propel biology 
toward another conceptual shift. “What it does 
is to provide a very finely honed set of tools 
for people to turn biological questions into 
molecular terms,” says John Sulston, former 
director of the Sanger Centre. Biologists are 
familiar with the terms in vivo and in vitro 
used to describe processes that occur in the 
body and in the test tube respectively. Now, 
they are becoming acquainted with a third 
term, “in silico,” used to describe a new branch 
of biology that requires little more than a 
computer and a connection to the Internet.

As more and more DNA and protein sequence 
data finds its way into computer databases, the 
ability of bioinformatics to address biological 
questions becomes ever more powerful. The 
amount of genetic data available and its rate 
of acquisition are by any measure astonishing. 
According to the Web site of the National 
Center for Biotechnology Information as of 
January 2003, there have been 103 microbial 
genomes completely sequenced with 126 more 
being worked on. In addition, 13 eukaryotic 
genomes are largely finished, including yeast, 

Figure 2. Arabidopsis thaliana, a member of the 
mustard family, was the first plant genome to be 
sequenced.
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the nematode worm C. elegans, the fruit fly 
Drosophila melanogaster, mouse, and human.

Bioinformatics is leading a shift away from 
the reductionism that characterized molecular 
biology of the last century and toward a more 
holistic approach. Technologies such as DNA 
microarrays permit scientists to glimpse the 
dynamic nature of genomes, examining the 
expression of thousands of genes at a time, as 
opposed to the traditional piecemeal approach.
  
Currently there about 50 pharmaceutical and 
biotechnology companies in the United States 
with a major emphasis on bioinformatics. 
The computer industry also recognizes 
the potential of this emerging science. In 
December 1999, IBM announced that it is 
designing a new supercomputer called Blue 
Gene, which will feature 500 times more 
power than the fastest computers on the 
market. The initial task for Blue Gene will 
be to model how strings of amino acids fold 
up in the cell to produce biologically active 
proteins. IBM, like other companies interested 
in bioinformatics, realizes that despite the 
importance of genes, proteins are where the 
drug targets (and profits) are to be found. 
IBM estimates the market for information 
technology solutions in the life sciences will 
increase from $3.5 billion per year in 1999 to $9 
billion per year by 2003. The information in the 
human genome database is equivalent to about 
150 million pages of information, and the 
amount of data doubles approximately every 
year. In order for these data to be accessible 
and useful, bioinformatics companies must 
develop software that is flexible and capable 
of accommodating this ever expanding load of 
information.

Genetic data represent a treasure trove for 
researchers and companies interested in 
a wide variety of applications. Genomic 
scientists are often described as engaging in 
genetic prospecting or in gene mining. There 
is ample justification to regard these data as 
the genetic motherlode. Approximately one-
half of genes identified in the draft sequence 

of the human genome are of unknown 
function, and therefore, of academic and 
potentially economic interest. New companies 
form monthly to take part in this genetics 
sweepstakes. The oldest of the bioinformatics 
companies are less than 10 years old. 

Bioinformatics and Evolution
“Nothing in biology makes sense except in the 
light of evolution.”

—Theodosius Dobzhansky

This statement applies to bioinformatics as 
well. Scientists study the human genome 
because they want to understand how 
our genes contribute to our health and 
well-being. But there is another important 
reason to examine our genome. Our entire 
genetic heritage is spelled out in the four-
letter alphabet of DNA. To understand why 
this should be, first recall that the source 
of genetic diversity in a population comes 
from changes in the spelling of genes, that is, 
from mutations. Cells have enzyme systems 
that detect and repair mutations, but these 
systems are not perfect and some mistakes are 
not corrected. Mutations that occur in germ 
cells will be passed on to the next generation, 
like any other DNA sequence. So, as time 
and generations go by, a DNA sequence 
will acquire more and more mutations and 
resemble less and less the original DNA 
sequence. 

Genetic Drift and Founder Mutations
Genetic drift describes a process where a 
subset of a population becomes isolated and 
takes with it just a fraction of the genetic 
variation from the original population. 
A founder mutation occurring in a single 
individual can be passed on and eventually 
give rise to a population where the mutation 
is more common. Founder mutations are 
often responsible for the increased frequency 
of a genetic disorder among a particular 
ethnic group. 
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Of course, not all mutations are equal from an 
evolutionary point of view. Some mutations 
will make the organism less adapted to its 
environment. If an individual does not live 
long enough to reproduce, that mutation will 
not be passed on (an evolutionary dead end). 
Very few mutations will make the organism 
better adapted to its environment and many 
more mutations will have little or no effect on 
the organism’s ability to survive. It is these 
mutations, passed on through the generations, 
that produce a genomics history book.

From an evolutionary perspective, we can not 
know where we are going unless we know 
where we have been. Just as comparative 
anatomy uses anatomical knowledge from 
other species to better understand human 

anatomy, comparative genomics uses sequence 
data from other species to help us better 
understand human genetics. A few scientists 
were using this evolutionary perspective 
even before the advent of recombinant-DNA 
technology in the 1970s. Until then, the study 
of human evolution was largely the province 
of paleoanthropologists who studied the fossil 
record. For decades, the prevailing belief was 
that humans were separated from the apes 
by 15 to 20 million years of evolution. This 
idea was challenged by a young biochemist 
named Vincent Sarich from the University of 
California, Berkeley in 1967. Sarich, who had 
been comparing the blood serum protein, 
serum albumin, between human and apes, 
argued that they separated from each other 
just 5 million years ago. As if to rub salt in 

Sequence Homology
Analysis of DNA sequences of homologous genes can provide clues to the evolutionary 
relationships between organisms. After two species diverge from each other, they begin to collect 
sequence mutations independently of one another. This means that two species that are closely 
related to each other will have DNA (or amino 
acid) sequences that are more similar to each 
other than if they are more distantly related. Such 
sequence analyses can be used to construct family 
trees of organisms. Usually, these family trees 
agree with those constructed from anatomical 
and behavioral characteristics. This agreement 
strengthens confidence in both types of evidence. 
The situation is more complicated in microbial 
genomes. Bacteria from different species can 
exchange DNA sequences. This exchange of 
DNA, called horizontal transfer, makes it more 
difficult to establish relationships among bacteria 
based on their DNA sequences.

Analysis of amino acid sequence data has shown 
that sometimes a particular amino acid is always 
present at a certain position regardless of the 
species. This suggests that the invariant amino 
acid plays an important role in the protein’s 
function, such as part of an enzyme’s catalytic 
site. If that amino acid is replaced with a different 
one, then the protein’s function will be affected, 
probably for the worse. Natural selection acts to 
eliminate these variants from the population.
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the wound, he also stated that humans are as 
closely related to the chimps as the chimps are 
to the gorillas.

Not surprisingly, the paleoanthropologists 
were skeptical of the new molecular 
evidence. Sarich expanded his studies to 
make comparisons using serum proteins 
from other mammals. Eventually he was 
able to construct an evolutionary tree of the 
relationships. Interestingly, his tree was nearly 
an exact match of that constructed by the 
paleoanthropologists. Slowly, as the years 
went by and new DNA techniques made 
sequence comparisons easier to conduct, the 
data piled up and Sarich’s conclusions became 
generally accepted.

Evidence from bones and molecules can 
complement one another. They each have 
unique contributions to make. For example, 
comparisons of bones between animals 
separated over tens or hundreds of millions 
of years are difficult for paleontologists to 
interpret. Is a human more closely related to 
a mouse or a rabbit? Looking for similarities 
in bone shapes can be misleading. The shapes 
of bones are partly determined by adaptation 
to the animal’s environment. Two bones may 

appear similar, not because they come from 
closely related animals, but rather because 
they have adapted to similar environments. 
Molecular evolutionists can make comparisons 
between DNA sequences that are not subject 
to these effects of natural selection. In fact, 
such comparisons show humans to be 
more closely related to mice than to rabbits. 
Although molecules provide scientists with 
an independent means of investigating 
evolution, such data will not replace the 
traditional “older” types of data, but rather 
will supplement them.

In the 1980s, Allan Wilson, a colleague 
of Sarich, and his coworkers examined 
mitochondrial DNA samples from 182 different 
women from all over the world. Mitochondrial 
DNA is only passed from mother to child. 
Wilson was using this maternal inheritance to 
look for the earliest common ancestor for the 
women in his study. The popular press dubbed 
his work as the search for mitochondrial Eve. 

After obtaining the DNA sequence data, it was 
fed into a computer, and all of the sequences 
were compared to each other. Wilson realized 
that individuals having just a few base 
differences between them are more closely 

Figure 3. Allan Wilson used mitochondrial DNA to trace ancestral lineages. Consider your 32 great-great-
great grandparents. Each of them contributed about 1/32 of your nuclear-encoded genes, but you inherited 
your mitochondrial DNA from just one of these people, your mother’s mother’s mother’s mother’s mother. 
Thus, you can trace your lineage back through the female line, mother by mother, until you reach the single 
female who was in effect the “mother” of the entire ancestral group to which you belong.
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related than individuals having a greater 
number of base differences between them. 
The computer was programmed to construct 
a family tree that shows the relationships 
between the sequences while at the same time 
minimizing similarities that could arise due to 
chance. This process is called creating the most 
parsimonious, or least coincidence-containing, 
family tree.

At its earliest branch point, Wilson’s tree has 
a division separating one group of Africans 
from another group of Africans. The amount of 
genetic variation seen among Africans is much 
greater than that seen among other ethnic 
groups. Since one expects the oldest group to 
show the greatest amount of genetic diversity, 
the conclusion was reached that modern 
humans first arose somewhere in Africa. As 
to the time, Wilson assumed that humans 
split from the apes about 5 million years ago. 
He further accepted the prevailing belief 
that the so-called molecular clock, meaning 
the rate at which mutations accumulate in 
the mitochondrial DNA, was constant. His 
calculations suggested that modern humans 
first arose between 150,000 and 300,000 
years ago.

Wilson’s work generated a great deal of 
interest. Other scientists sought to repeat and 
extend his work. Some scientists argued that 

humans may have arisen in other parts of the 
world besides Africa. Others quibbled with the 
dates for humans’ first appearance on earth. 
Today, there is little argument with the out-of-
Africa hypothesis, although the dates when 
humans first began to spread over the globe 
continue to be debated.

In addition to helping us understand our past, 
bioinformatics also can help us to understand 
problems of our present. DNA sequence 
analysis has produced a number of important 
findings relevant to AIDS research (see Table 
4). When the first AIDS drug, AZT, was used 
to treat patients infected with HIV, it was 
observed that eventually patients failed to 
respond to the drug. Scientists found that the 
virus present early in infection differed from 
that found late in infection, within the same 
individual. Eventually they pieced together the 
following series of events:
• HIV exhibits the highest mutation rate 

ever documented. The reasons for this 
are twofold. First, the enzyme reverse 
transcriptase, which the virus uses to make 
a DNA copy of its RNA genome, makes 
many mistakes (mutations). Second, HIV 
does not have an error correction system to 
repair mutations.

•  Transcription errors by reverse transcriptase 
produce mutations in the gene for reverse 
transcriptase.

Figure 4. A simplified family tree for mitochondrial DNA. The length of each branch is proportional to the 
degree of difference between the mitochondrial DNA of each group.
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Table 4

•  These mutations produce variability in the 
virus population.

•  Some variants can better survive in the 
presence of AZT and come to dominate the 
virus population.

This mechanism essentially describes natural 
selection taking place within the body of an 
HIV-infected person. The mechanism for 
developing resistance to AZT applies to other 
drugs as well. Resistance to protease inhibitors 
(another class of AIDS drugs) was seen just 
two years following their introduction.

Analysis of the human genome also guides 
AIDS research. A particularly interesting group 
to study is persons long-infected with HIV 
who have not shown any symptoms of the 
disease. Among such individuals, scientists 
have found that some of them possess a 
variant of a coreceptor called CCR5 that does 
not allow HIV to enter the macrophages and T- 
cells of their immune systems. This protective 
coreceptor is seen in about 9 percent of the 
Caucasian population but is nearly absent 
from Asian and African populations. Stephan 
O’Brien at the National Cancer Institute 
has suggested that the appearance of this 
protective coreceptor occurred during the time 
of the European black plague in the fourteenth 
century. He suggests that the bacterium 
that causes bubonic plague also attacks 
macrophages using the CCR5 coreceptor to 
inject its toxin into the cell. In addition to 
this deletion mutation in the CCR5 gene, two 
other mutations have been characterized 
that provide resistance to infection or slow 

the progression to AIDS. Unlike the CCR5 
deletions, some of these alleles are found 
at approximately equal frequencies among 
different ethnic groups.

The Tools of Bioinformatics
If bioinformatics is considered to be a tool, 
then it can be described as a Swiss Army 
knife, having blades with different uses. The 
bioinformatics tool kit is really a collection of 
computer programs that analyze nucleotide 
or amino acid sequence data and extract 
biological information from it. As more 
sequence data become available, these 
computer programs are revised and become 
ever more useful. 

The number and variety of bioinformatics 
software is increasing each year. The following 
discussion provides a brief glimpse of the most 
popular bioinformatics tools: 

Gene Prediction Software
One of the most important goals of 
bioinformatics analysis is to identify genes 
within a long DNA sequence. In theory, this 
should be easy. A DNA sequence that codes 
for amino acids should not contain any stop 
codons. Such a coding region is called an open 
reading frame. Since each DNA strand can be 
read in three reading frames and there are two 
DNA strands, this means that the computer 
must analyze a given DNA sequence in six 
different reading frames. 

Finding genes in eukaryotes is greatly 
complicated by the presence of introns. Human 

Conclusions of Bioinformatic Analysis Relevant to AIDS Research

• The ability of HIV to quickly acquire drug resistance argues for using combinations of anti-HIV drugs at once.

• Human alleles for HIV resistance should gradually increase in human populations. These alleles can help guide
   drug development efforts.

• High mutation rates of HIV and the diverse HIV strains suggest that making an effective vaccine will be 
   difficult.

• The simian immunodeficiency virus (SIV) is closely related to HIV. Since chimpanzees do not become ill when 
   infected with SIV, study of chimps and SIV may hold clues for understanding how to make humans safe from 
   HIV infection.
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genes vary considerably in their overall size 
and in the number and size of their introns. 
Most exons in human genes are between 50 
and 200 base pairs (bp) though the titin gene 
features a record-holding exon 17,106 bp long. 
The average size of an intron in a human gene 
is over 3,300 bp but introns much smaller and 
larger than this are common. A typical human 
gene has just 5 percent of its sequence devoted 
to coding for the gene product. The small sizes 
of the exons and the prevalence of alternative 
splicing add to the challenge of identifying 
human genes. Even when using finished 
sequence data (with 99.9 percent accuracy) 
from human chromosomes 21 and 22, the 
identification of genes is by no means trivial. 
The initial upper and lower estimates for gene 
numbers from these chromosomes differed by 
about 30 percent.   

Gene prediction programs contain checklists of 
structural elements common to known genes. 
The programs examine the sequence data to 
see if any regions meet the requirements of 
the checklist. Genes from viruses, bacteria, 
and eukaryotes have different structural and 
regulatory sequences associated with them 
and therefore have gene prediction programs 
tailored to their characteristics. In general, it 
is easier to identify genes in prokaryotes as 
compared to eukaryotes because bacterial 
genes are found clustered close together and 
do not contain introns. This means that any 
open reading frame of greater than about 
300 base pairs is likely part of a gene. Gene 
identification can be complicated further by 
other factors such as
• there can be genes on both strands,

• there can be overlapping genes,
• a given gene may contain different splice 

signals, and
• some sequence elements may be found in 

one gene but not another.
Table 5 lists some of the criteria used to look 
for eukaryotic genes.

Sequence Alignment Software
Once a cloned DNA fragment has been 
sequenced, computer analysis can be used to 
determine if that sequence is similar to that 
of a known gene. Determining the similarity 
between two or more sequences is not as 
simple as you might think. For example, we 
have heard that the genomes of humans and 
chimpanzees are about 98.5 percent similar. 
What does this really mean? Consider the 
following two DNA sequences:

Sequence 1 
…AGTTCGATAGCTAAGGTCGG…

Sequence 2 
…AGTTCGATAGCTATGGTCGG…

Each DNA sequence consists of 20 bases. There 
is just one base difference between them. 
Because the two sequences match at 19 out of 
20 bases, we can say that the two sequences 
are 95 percent the same. Now consider the 
following two DNA sequences:

Sequence 3 
…AGTTCGATAGCTAAGGTCGG…

Sequence 4 
…AGTTCGATAGCTAGGTCGGG…

Characteristics of Eukaryotic Genes
Transcriptional Signals Translational Signals Splicing Signals

Start site (featuring a cap signal of a 
single purine, A or G)

Translation start site (featuring 
GCCACCatgG where atg codes for the 
first methionine)

5’ donor site: GT

Promoter site (TATA box: 30 bp up-
stream from start site)

Termination codon (TGA, TTA, or TAG 
should be absent from exons)

3’ acceptor site: AG

Poly (A) signal (featuring an AATAAA 
hexamer)

Codon usage: unequal usage of codons in 
coding regions varies across species

Branch point: internal site

Table 5
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In this comparison, 16 out of 20 bases match, 
or we can say that the two sequences are 80 
percent the same. Careful inspection, however, 
reveals another sort of similarity between 
Sequences 3 and 4. If we align the sequences 
like this …

Sequence 3 
…AGTTCGATAGCTAAGGTCGG…

Sequence 4 
…AGTTCGATAGCTA–GGTCGG…

we see that the two sequences differ by just a 
missing base in Sequence 4, or an added base 

to Sequence 3. Does the deletion (or insertion) 
of a single base equal four base substitutions 
as suggested in this example? There is no easy 
answer to that question. When comparing 
sequences, we must be concerned not only 
with the quantity of the differences but with 
the quality as well.

One of the most popular sequence alignment 
programs is called BLAST (Basic Local 
Alignment Search Tool). The BLAST program 
searches a nucleic acid or amino acid database 
to find matching or similar sequences to 
that being tested. There are several different 
versions of the BLAST program; for example, 

Figure 5. BLASTN search results obtained at Web site of the National Center for Biotechnology Information 
(http://www.ncbi.nlm.nih.gov)
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BLASTN is used to search a nucleic acid 
database, while the BLASTP is used to search a 
protein database.

The different versions of BLAST use different 
sets of rules to obtain the best matches 
between the test sequence, also called the 
query sequence, and those from the database. 
All BLAST programs seek to maximize the 
number of nucleotides or amino acids matched 
between the query sequence and the database 
sequences. However, the sets of rules BLAST 
uses to carry out the alignments may vary. 
Which set of rules BLAST uses depends on the 
type of sequence database being searched, the 
type and length of the query sequence, and 
how loose or rigorous a match is desired.

Results from a BLAST search are displayed 
with the most closely matching sequence 
listed first, followed by the next best match, 
and so on. Typically, the results are displayed 
both graphically and in text form. The listed 
sequence “hits” also may include relevant 
bibliographic information, which can help 
in analyzing the results. Figure 5 shows the 
results from a BLASTN search where the 
query was a 57 base fragment from the human 
genome. This is the same sequence that is used 
in the student lessons.

The query sequence is shown at the top of the 
diagram. Results from the BLASTN search are 
depicted graphically below. Sequences that 
match perfectly are shown in purple while 
sequences that match over part of the sequence 
are shown in black. Information about each 
of the search results follows. On the left side 
of each search result is a series of letters and 
numbers that serve to uniquely identify that 
sequence. Each result is described as to the 
species it comes from and the gene (if known). 
The “score” value is a measure of the quality 
of the alignment between the query sequence 
and the search results: the higher the score, 
the better the alignment. “E value” refers to 
the expectation value, which is defined as the 
number of possible alignments that match 
as well or better than a reported alignment 

expected by chance alone. The lower the E 
value, the better the match.

The BLAST program makes pair-wise 
comparisons. Other programs can produce 
multiple alignments. In a multiple sequence 
alignment, a series of related DNA or amino 
acid sequences can be aligned with each 
other all at the same time. Such programs are 
useful to scientists studying the phylogenetic 
relationships between species. For example, 
a multiple sequence alignment program can 
be used to align a series of sequences from 
many different species. Once the program 
has found the optimum alignment for the 
sequences, another program can calculate 
the evolutionary distance between them. 
These data in turn can be used to construct 
a tree diagram showing the evolutionary 
relationships for that sequence between the 
species.

Molecular Phylogenetics
“From the first dawn of life, all organic beings 
are found to resemble each other in descending 
degrees, so that they can be classified in 
groups under groups.”

—Charles Darwin

As discussed earlier, understanding the 
human genome depends on sequencing 
the genomes from model organisms. Many 
model organisms have their own Web site 
and organism-specific database. At such sites, 
scientists can access sequence data and learn 
more about the function of particular genes 
and their organization.

When Charles Darwin published his theory of 
evolution, he was unaware of the work done 
by his contemporary Gregor Mendel. Mendel, 
too, was interested in variation, though he 
focused on how parents passed on traits to 
their offspring. In molecular terms, variations 
in DNA sequence are the raw material upon 
which natural selection operates. The genetic 
history written in the genes provides some 
of the strongest evidence in support of 
Darwin’s theory.
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The evolutionary relationships between 
organisms can be visually depicted by 
constructing phylogenetic trees. As seen in 
Figure 6, a phylogenetic tree is composed of 
nodes and branches. The nodes can represent 
species or individuals while the branches 
define the relationships between the nodes in 
terms of descent. A single branch connects any 
two adjacent nodes. Branches can be either 
scaled, meaning that the length of the branch 
is proportional to the passage of time, or they 
can be unscaled meaning that branch length 
is not an indication of the number of changes 
that have taken place. In addition, trees may be 
rooted or unrooted. A rooted tree starts with a 
node that is taken to be the common ancestor 
for all other nodes in the tree. An unrooted tree 
does not identify such a common ancestor. 

Of course, phylogenetic trees were not 
invented by molecular biologists. Species 
trees based on morphological and behavioral 
traits have been constructed by biologists 
since the 19th century. Although gene trees and 
species trees may look very similar, they are 
not the same. Nodes in a gene tree indicate 
the divergence of an ancestral gene (through 
mutation) into two genes with different 
sequences. A node in a species tree indicates 
the divergence of an ancestral species into two 

populations that can no longer interbreed with 
each other. The mutation and speciation events 
do not necessarily happen at the same time. 
Gene trees are not necessarily more accurate 
than their species counterparts. They simply 
make different assumptions.

Software that construct gene trees based on 
sequence data assume that
• the sequences are correct and come from the 

sources specified,
• the sequences are all descended from a 

common ancestor,
• the sample size of the various taxa is 

adequate,
• the sequence variation among the samples is 

representative of the larger populations, and 
• the sequence variations in the samples are 

adequate to construct a tree.

Molecular Modeling and 3-D Visualizations
Proteins have myriad functions in the 
cell. Determining a protein’s structure 
is critical to understanding its function. 
Unfortunately the process of determining a 
protein’s exact structure is labor intensive 
and time consuming. Traditionally, X-ray 
crystallography and nuclear magnetic 
resonance (NMR) spectroscopy are the 
techniques used to solve protein structures. 

Figure 6.  An example of a phylogenetic tree
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The theory underlying these techniques 
extends beyond the scope of this module. 
For our purposes, it is important to realize 
that although these techniques are useful, 
they have their limitations as well. A primary 
drawback of X-ray crystallography is that 
it requires high-quality protein crystals. 
The ability to crystallize proteins depends 
almost as much on art as on science and some 
proteins are nearly impossible to crystallize. 
Over the past 10 years, advances in NMR have 
made this technique more useful to structural 
biologists. Still NMR is largely confined to 
working with small- to medium-sized proteins.

The laborious nature of solving protein 
structures has prompted researchers to try to 
develop computer programs that can accept 
a protein’s primary amino acid sequence 
and predict its three-dimensional structure. 
Most of these programs are based on the fact 
that protein three-dimensional shapes are 
highly conserved both within and between 
species. Furthermore, the structure of proteins 
can be conserved even when the sequence 
of the proteins are not exactly the same. By 
experimentally determining the structure 
of a specific protein, researchers also gain 
structural information about other related 
proteins. By studying proteins from different 
families, scientists can systematically study 
the universe of protein folding. Structure 
prediction programs work well for some 
proteins but not for others. As more structures 
are solved and the computer programs refined, 
we should see the accuracy of structure 
predictions continue to improve.

The Protein Data Bank (PDB) was the first 
bioinformatics resource to store three-
dimensional protein structures. It stores and 
provides access to all publicly available three-
dimensional structures for proteins, nucleic 
acids, and other important biomolecules. 
Originally developed at Brookhaven National 
Laboratories, the PDB is now managed by 
the Research Collaboratory for Structural 
Bioinformatics. Also helpful are programs that 
enable scientists to visualize and manipulate 

molecular structures in three-dimensional 
space. Using such programs, scientists can 
locate amino acids within proteins that are  
associated with disease or with the active site 
of an enzyme.

Levels of Protein Structure
Primary structure. Refers to the linear 
sequence of amino acids in a polypeptide 
chain.

Secondary structure. Refers to the folding of 
the polypeptide backbone through space. 
Two types of secondary structure that are 
commonly found in proteins are
• alpha helix—specific bonding between 

groups on the same polypeptide chain 
cause the backbone to twist into a helix

• beta sheet—forms when two polypeptides 
that run in opposite directions (or a single 
polypeptide bends back on itself) bond to 
each other

Tertiary structure. Describes the position 
of all of the atoms in a protein in three-
dimensional space. If the protein consists 
of a single polypeptide, then this represents 
its complete structure; that is, how the 
secondary structure elements fold or arrange 
themselves.

Quaternary structure. Refers to the complete 
structure of proteins that are composed 
of more than one polypeptide chain. Such 
proteins are called multimeric and their 
individual polypeptide chains are called 
protein subunits. Hemoglobin is an example 
of a multimeric protein.

Bioinformatics and the Internet
The Internet plays a major role in shaping and 
promoting the use of bioinformatics. Perhaps 
its most important contribution is the access 
that it provides. With the click of a mouse, 
scientists and nonscientists alike can obtain 
access to a vast ocean of genetics data. The 
Internet serves to democratize the practice of 
bioinformatics. Scientists at junior colleges 
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or small start-up companies can contribute 
to and learn from public genetic data banks 
just as the scientists at major sequencing 
centers do. Because the gene sequences are 
placed in the databases by many researchers 
from different laboratories, the databases 
often contain many sequences that represent 
the same gene or protein. These sequences 
are often not exactly the same, for several 
reasons—the different sequences may vary 
between different individuals of the same 
species, mRNAs may be alternatively spliced, 
and people make mistakes! This sounds like a 
recipe for confusion, but it actually contributes 
to quality control. By having the same 
sequence produced by different labs, it creates 
a mechanism for checking and correcting the 
sequences in the data bank.

The availability of global public sequence and 
structure databases began as a collaborative 
international effort on the part of scientists 
around the world to share and interpret 
genetic data. The HGP served to accelerate the 
growth of publicly available data and therefore 
also accelerated the growth of bioinformatics—
the use of computers to store and analyze 
biological data. As the economic potential of 
bioinformatics became clear, industry began 
to devote considerable resources to their own 
efforts in the field. Today, many organizations, 
public and private, are sponsoring work 
on completing the genomes of other model 
organisms, collecting information on genetic 
diversity within populations, and relating 
genomic data to the structural and functional 
information in databases.  

Back in the 1980s, when the HGP was in 
its infancy, some visionary individuals 
predicted that the amount of biological 
information available in the public domain 
would increase enormously over the coming 
decades. They saw that there would be a 
need to store all these data and create tools 
for its effective analysis. The National Center 
for Biotechnology Information (NCBI) was 
established by Congress in 1988. It is located 
within the National Library of Medicine and 

is part of the National Institutes of Health. The 
mission of the NCBI is to
• create tools used to store and analyze data 

pertaining to molecular biology,
• facilitate the ability of the scientific 

community to use its databases and related 
software,

• help coordinate international efforts to 
gather biological data, and 

• conduct research in computer-aided 
analyses of structure/function relationships 
for important biomolecules.

An image of the NCBI home page is shown 
in Figure 7. Just under the NCBI name and 
logo is a horizontal menu that lists the main 
databases and analysis tools that it offers. Brief 
descriptions of these follow.

Figure 7. The home page of the National Center 
for Biotechnology Information is found at 
http://www.ncbi.nlm.nih.gov.
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PubMed
PubMed provides access to citations from the 
biomedical literature. It was developed by 
NCBI and is available via the Entrez retrieval 
system. It provides the user access to the 
MEDLINE database that contains citations 
and abstracts from more than 4,600 biomedical 
journals published in the United States and 
70 other countries, plus some other citations. 
Over 11 million citations dating back to the 
mid-1960s can be accessed via PubMed. 
Searches are commonly conducted using a 
keyword, or combination of keywords; by 
author names; by publication date; and by 
journal titles.

Entrez
Entrez is a search and retrieval system that 
integrates all of the databases available at 
NCBI. These databases include nucleotide 
sequences, protein sequences, whole genomes, 
molecular structures, and PubMed. GenBank 
is the NIH database of all publicly available 
DNA sequences. GenBank together with the 
DNA DataBank of Japan and the European 
Molecular Biology Laboratory make up the 
International Nucleotide Sequence Database 
Collaboration. These organizations exchange 
data every day. As seen in Figure 8, GenBank is 
growing at an exponential rate.

BLAST
As discussed earlier, BLAST (Basic Local 
Alignment Search Tool) is a set of sequence 
alignment programs. They are used to search 
sequence databases to look for similarities 
to an input sequence. BLAST can be used to 
search nucleic acid and protein sequences. 
Specialized BLAST programs are available for 
human, microbial, and malaria genomes.

OMIM
OMIM (Online Mendelian Inheritance in 
Man) is a database containing information 
about human genes and genetic disease. It is 
authored and edited by Dr. Victor McKusick 
and his colleagues. It was developed for the 
Internet by NCBI staff. It contains links to 
MEDLINE and sequence data via Entrez. 
This resource is often used by physicians and 
researchers interested in genetic diseases. 
Note: Although OMIM is available to the 
public, users seeking personal information 
about a medical or genetic disorder are 
advised to consult a qualified physician.

Books
NCBI collaborates with authors and publishers 
to create a virtual bookshelf. Books can be 
accessed by using a search engine or through 
links found in PubMed abstracts.

TaxBrowser
The taxonomy site contains a classification 
of all the organisms that are represented by 
sequences in the public databases, including 
the model organisms commonly used in 
molecular biology. Users can search for 
a species and find genome, sequence, or 
structure data associated with that species. 
Interspecies relationships based on either 
nucleic acid or amino acid sequences can be 
explored and the results can be depicted in a 
phylogenetic tree format.

Structure
The structure site features the Molecular 
Modeling Database (MMDB), which contains 
macromolecular 3-D structures as well as tools 
to analyze them. Included in the MMDB are 

Figure 8. The amount of data in GenBank doubles 
approximately every 14 months 
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experimentally determined structures obtained 
from the Protein Data Bank.

Although the NCBI Web site is available 
to anyone with an Internet connection, it is 
written by and for genomic scientists. As it 
has grown, the site has added a number of 
resources that help educate people with a 
limited background in the field. Still, to the 
nonscientist, the site is intimidating. At the 
least, users should be familiar with the content 
in this module before attempting to work with 
the NCBI site.

Applications of Bioinformatics  
To date, gene maps are available for human, 
mouse, and about 30 other mammalian 
species. These maps are used to identify genes 
for heritable traits and to unravel patterns 
of genome organization. Comparisons 
of genomic sequences between different 
organisms can help to clarify evolutionary 
relationships. For example, genetic analysis 
has identified the common ancestor of 
Darwin’s finches and established that whales 
are most closely related to the hippopotamus. 
Molecular data caused a stir in 1990 by 
suggesting that humans and chimpanzees 
are more closely related to each other than 
either one is to gorillas. More recently, DNA 
sequence analysis was used to investigate the 
nature of the relationship between humans 
and Neanderthals. Scientists used polymerase 
chain reaction (PCR) to amplify a small 
sequence of mitochondrial DNA extracted 
from a Neanderthal bone. Comparison of 
its sequence to that from modern humans 
revealed that it fell outside the variation of 
modern humans, suggesting that Neanderthals 
went extinct without contributing mtDNA to 
modern humans.

Forensic Science
Minisatellites consist of short DNA sequences 
that repeat in tandem. The number of repeats 
and the sequence within each repeat can 
exhibit wide variation in a population. This 
aspect of genome organization was exploited 

Figure 9. DNA profiling has become an important 
tool to law enforcement.

by Alec Jeffreys to create DNA fingerprinting 
(now referred to as DNA profiling). His 
technique has revolutionized identity testing. 
Today, DNA profiling examines a set of 13 
minisatellites called short tandem repeats 
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(STRs). PCR is used to amplify the STR 
sequences, which are then analyzed by gel 
electrophoresis. The technique requires just 
tiny samples and can identify individuals 
without regard to their ethnic background. 
To maximize the impact of DNA testing in 
forensics, the FBI, together with individual 
states, established the Combined DNA Index 
System (CODIS). As of November 2002, 
this genetic database contained profiles 
from over 1 million convicted offenders 
and identifies a perpetrator for about every 
1,000 offender samples in the system. It has 
produced over 6,000 hits assisting in more 
than 6,400 investigations. DNA testing is 
now the standard technique for confirming 
paternity. Its use, however, is not restricted 
to establishing paternity in the present. As 
long as suitable DNA samples are available, 
DNA tests can challenge our view of history. 
For example, DNA tests suggest that Thomas 
Jefferson fathered at least one of his slave Sally 
Hemings’s six children.

Agriculture
Bioinformatics is playing an increasing role in 
agriculture. Genome projects for major crop 
plants such as rice and corn are well underway, 
and these data are being directed to crop 
improvement and pest control. Some current 
gene discovery efforts are aimed at improving 
seed quality, engineering plants to cope with 
metals, and manipulating plant micronutrients 
for human health—an application called 
nutritional genomics. Foremost among these is 
the “golden rice” project. Rice is a major food 
staple for much of the world’s population. 
Unfortunately, rice contains little vitamin 
A and iron. People who subsist largely on 
rice can suffer nutritional deficiencies that 
sometimes lead to blindness and even death. 
Scientists have engineered a rice strain fortified 
with the carotenoids necessary for making 
vitamin A. These added carotenoids give the 
rice a yellowish hue, hence the name golden 
rice. There are also genome projects for a 
number of agriculturally important animals 
including cattle, pig, horse, sheep, and chicken. 
This genetic data is being sifted to locate genes 

associated with hereditary disorders, infectious 
disease resistance, and desirable phenotypes 
called ETLs (economic trait loci).

Medicine
The ability to correlate genetic data with 
medical records promises to improve our 
understanding of disease and improve 
treatments. Already, DNA arrays are being 
used to classify cancers by monitoring their 
patterns of gene expression. An important 
resource will be a database of single nucleotide 
polymorphisms (SNPs). Already, well over 
1 million SNPs have been characterized in 
the human genome. Most SNPs are located 
in the noncoding parts of the genome. The 
much smaller set of SNPs found in coding 
regions is of interest to scientists because they 
may alter the biological function of proteins. 
Associating SNPs with disease helps scientists 
to identify genes that play roles in disease 
progression. Eventually scientists hope to be 
able to compare the SNP patterns of patients 
with those known to be associated with a 
given disease. SNP analysis also will help 
doctors gauge how a patient will respond to a 
particular medication. SNP data are expected 
to increase our understanding of human 
diversity and usher in an era of personalized 

Facts about SNPs
• On average, SNPs have an occurrence in 

the human population of greater than 1 
percent.

• Most SNPs are not the cause of disease. 
Rather, they are markers that help locate 
disease-associated genes.

• Some SNPs might predispose a person to 
a disease.

• Some SNPs might influence a person’s 
response to a given medication.

• Sets of SNPs on the same chromosome 
that are inherited together are called 
haplotypes.

• Haplotype mapping can help to diagnose 
disease, guide treatment selection, and 
assess risks associated with environmental 
factors.
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medicine. The scientific and economic 
potential of such databases is so attractive that 
private companies, the National Institutes 
of Health, and a nonprofit consortium of 
pharmaceutical companies and Britain’s 
Wellcome Trust are each creating their own 
SNP databases.

Pharma/Biotechnology
Pharmacogenetics focuses on genetic 
polymorphisms that produce variation 
in patients’ responses to medications. 
Bioinformatics is providing a complete list of 
candidate genes for drug discovery. Although 
the estimated number of genes is nowhere 
near the early prediction of 100,000 genes, the 
proteome is several times larger and provides 
thousands of potential targets for drug de-
velopment. The tools of functional genomics 
are being used to establish the metabolic 
roles played by the candidate gene products. 
Pharmaceutical companies are also using 
bioinformatics to search for new antibiotics. 
Although new antibiotics continue to be 
discovered, most belong to well-known  
classes and cannot avoid the problem of 

Figure 10. Computer programs are helping 
scientists to predict the three-dimensional structure 
of proteins.

clinical resistance. Advances in genomics 
are expanding the range of drug targets and 
are shifting the discovery effort from direct 
screening programs to rational target-based 
drug designs. Already, some scientists are 
calling for an initiative in structural biology, 
somewhat reminiscent of the Human Genome 
Project, that would produce the three-
dimensional structures for the estimated 1,000 
to 5,000 distinct spatial arrangements taken on 
by polypeptides found in nature. In April 2001 
Myriad Genetics, Hitachi, Ltd., and Oracle 
announced that they had formed a partnership 
to map the human proteome by the end 
of 2004. 

Environmental Science
The fragmented world of biodiversity research 
is attempting to pool its knowledge into a 
single computer database. In 2001, the science 
ministers from 29 industrial countries met 
and decided to create a Global Biodiversity 
Information Facility (GBIF). Their aim is to 
consolidate incompatible databases and bring 
order to confusing terminology. The GBIF is 
compiling a definitive list of species names, 
developing software to link the full range of 
biodiversity information, and digitizing data 
such as museum specimens. DNA analysis 
also is helping scientists establish the extent of 
genetic variation within populations. Within 
captive breeding programs, this data is used 
to determine which matings will increase 
the population’s genetic diversity. Microbial 
genomes also are proving valuable to 
environmental efforts, such as bioremediation. 
The genome of Deinococcus radiodurans, the 
most radiation-resistant bacterium known, 
has been completely sequenced and is being 
tested for use in the clean-up of radiation 
spills. Genomic data from bacteria are helping 
scientists assess the biological contributions 
to ancient and modern geochemical cycles. 
Bioinformatics helps provide a deeper 
understanding of such environmentally 
important processes as iron and sulfur 
oxidation, nitrogen fixation, carbon fixation, 
and metal and acid resistance. 
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The rapid development of bioinformatics is not 
happening without growing pains, however. 
Perhaps the biggest problem facing this 
emerging discipline is the lack of biologists 
with computing expertise. “You can count 
on the fingers of one hand” the number of 
researchers with topflight training in both 
fields, according to geneticist David Botstein 
of Stanford University who cochaired a recent 
advisory panel that looked into the state of 
biocomputing in the United States. A number 
of graduate programs in bioinformatics have 
been established recently. It is likely that em-
ployment opportunities in this field will be 
plentiful for some time to come.

Ethical, Legal, and Social Issues
The organizers of the HGP realized that 
the genetic data it produced would have 
significant impacts on society—both positive 
and negative. DOE and NIH devote from 
3 to 5 percent of their program budgets 
to identifying, analyzing, and addressing 
the Ethical, Legal, and Social Issues (ELSI) 
surrounding genome technology and the data 
it produces. 

Bioinformatics is a relatively new development 
in genetic research. Scholars are beginning to 
think through the ethical issues raised by the 
management of genetic data using computer 
technology. A first step in thinking clearly 
about genetic databases is to distinguish 
between anonymous and nonanonymous 
databases. Anonymous databases include 
genetic data that is nonidentifiable; that is, it 
cannot be linked to any particular individual. 
Nonanonymous databases include genetic data 
that is identifiable; that is, it can be linked to a 
particular individual. An ethical concern most 
relevant to non-anonymous genetic databases 
is informed consent.

Informed Consent
Informed consent is the ethical practice 
of respecting individual autonomy and 
protecting an individual from harm. Informed 
consent, in the context of bioinformatics, refers 
to a process whereby an individual freely and 

knowingly weighs the risks and benefits of 
donating a tissue or DNA sample for research 
purposes. If a donation occurs, the informed 
consent process also protects how and by 
whom the tissue or information will be used. 
The basic framework for informed consent is 
contained in the World Medical Association’s 
Declaration of Helsinki, which was adopted 
in 1964 and regularly amended thereafter. 
The U.S. Commission for the Protection of 
Human Subjects of Biomedical and Behavioral 
Research used this declaration to produce its 
Belmont Report, which lists three principles to 
guide scientists engaged in such research.
1. Respect for persons requires that choices made 

by individuals are respected. If individuals 
are incapable of making a choice, their rights 
also must be protected.

2. Beneficence means that participation in 
research must achieve an appropriate 
balance between risks and benefits to the 
individual.

3. Justice requires that the burdens and benefits 
of the research are distributed or shared 
among the interested parties.

Research on clinical subjects is governed by 
the laws and regulations of the country in 
which the research is performed. In the United 
States, the National Institutes of Health, Office 
of Protection from Research Risks has issued a 
Guidebook for Institutional Review Boards. (These 
are the ethics committees tasked with dealing 
with informed consent and other ethical 
issues relating to research.) According to this 
guidebook, subjects participating in genetics 
research should be informed
• about which information the investigator 

will make available to them, and when 
during the project it will be provided;

• that they may find out things about 
themselves or their family that they may not 
want to know;

• that information about themselves may 
become known to family members;

• whether information learned during the 
study could jeopardize their employment or 
insurance;
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• about measures taken to protect their 
confidentiality;

• about rights they may or may not have 
regarding how their samples will be used;

• what the consequences are of withdrawing 
from the study; and

• of any costs associated with participation 
(for example, costs of genetic or 
psychological counseling).

Figure 11. Governments are debating laws to 
regulate the creation and use of genetic databases.

In other parts of the world, informed consent 
may be addressed differently. For the past 
several years, Iceland’s small scientific 
community has been embroiled in a heated 
debate regarding plans to pool the entire 
country’s medical records into a database that 
will be used by a private company to identify 
disease-associated genes. Of particular concern 
to many is the method by which informed 
consent is obtained—or not obtained as its 
critics contend. Unlike the usual procedure 
where each individual signs a consent form, 
citizens of Iceland automatically have their 
records included in the database, unless they 

specifically ask to be left out. This approach 
is called presumed consent. So far, the general 
population seems to be less troubled by the 
controversy than the scientific community. 
Thus far, only 5 percent of the population have 
asked to have their records excluded from the 
database.

Iceland is not alone in its plans to establish 
a national gene bank. A group of geneticists 
in Estonia have presented a plan to their 
government that seeks to establish a genetic 
database containing genotypes of at least 70 
percent of the country’s 1.4 million people. 
Critics of the proposed Estonian database 
complain that expensive high-tech genetic 
research will not benefit their population as 
much as focusing on simple lifestyle factors 
such as diet, smoking, and alcohol abuse. 
Sweden is also facing criticisms over its public 
tissue banks. These collections of blood, sperm, 
fertilized eggs, and biopsies were originally 
saved to help diagnose and treat the patients 
themselves. Now, biotech companies want 
access to the samples and the patients’ medical 
records. In response to public concern over 
reported breaches of privacy, the Swedish 
Medical Research Council has established 
regulations that require users of banked 
samples to obtain informed consent for each 
new use of the tissue samples.

As the situation in Sweden makes clear, the 
use of stored samples in genetic research 
complicates the issue of informed consent. 
The informed consent obtained when the 
samples were collected may not be adequate 
to address new uses for the samples. In the 
early 1990s, the National Center for Human 
Genome Research and the Centers for Disease 
Control and Prevention conducted a forum 
to discuss how to properly obtain informed 
consent for stored tissue samples that are used 
in genetic research. Their report was published 
in the December 1995 issue of the Journal of the 
American Medical Association. Its conclusions 
are the following:
• Informed consent is required for all genetic 
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research that uses samples that can be traced 
back to their donors, unless a written waiver 
is obtained.

• Informed consent is not required for genetic 
research that uses anonymous samples. 
Samples are anonymous when it is not 
possible for any individual to link a sample 
with its donor.

• Institutional Review Boards (ethics 
committees) should review all studies that 
intend to use samples for genetic research.

Recently, a bioinformatics company called 
First Genetic Trust pioneered the concept of 
“dynamic informed consent.” According to 
this model, a patient or sample donor may

Figure 12. First Genetic Trust is seeking a patent on 
their “dynamic informed consent” process.

specify how his or her sample may be used 
in clinical trails and for future research. The 
company can link a sample to its donor, 
while at the same time protecting the donor’s 
privacy. This way, donors can be contacted to 
let them know of new treatment options, or to 

ask them questions, or to obtain permission 
to use their samples in new studies. Dynamic 
informed consent is intended to make the 
process of obtaining informed consent easier to 
perform, while also protecting the rights of the 
sample donors.

Privacy and Confidentiality
Personal privacy is an important aspect of 
informed consent. Privacy is the right to 
control access to information about oneself. 
Confidentiality is the obligation for those 
who obtain information about individuals to 
protect the privacy of that information. The 
recognition of a right to privacy is largely a 
20th-century development. In American law, 
its development has proceeded along three 
separate lines: constitutional privacy, common 
law privacy, and statutory privacy. 

Constitutional privacy. The federal 
constitutional right to privacy is based on the 
Fourth, Fifth, and Fourteenth Amendments. 
This right to privacy and related interests, 
such as liberty and autonomy, have been used 
to prohibit the government from interfering 
with personal medical decisions, such as 
providing and withholding medical treatment, 
procreation, contraception, and abortion. 
Federal constitutional rights protect generally 
against governmental and private interference.  

Common law privacy. Common law invasion 
of privacy may be applied to a variety of 
situations. Indeed, the legal doctrine has 
evolved into four related areas: public 
disclosure of private facts, intrusion upon 
seclusion, false light, and appropriation of 
name or likeness. The first two are relevant for 
medical privacy. First, to establish a claim for 
invasion of privacy based on public disclosure 
of private facts (that is, medical information), 
the plaintiff must show dissemination or 
publication of private matters in which the 
public has no legitimate concern so as to bring 
shame or humiliation to a person. Second, 
to intrude physically or otherwise upon the 
solitude or seclusion of another or his/her 
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private affairs or concerns is subject to liability 
if the intrusion would be highly offensive to a 
reasonable person.

Statutory privacy. Statutory protection 
of privacy at the state and federal levels 
attempts to deal with one or more aspects of 
medical privacy. For example, in 1995, Oregon 
enacted the nation’s first state law designed 
to protect the privacy of genetic information. 
The law prohibits the unauthorized 
collection, retention, and disclosure of genetic 
information. It has no effect on the variety 
of instances in which individuals can be 
required to release genetic and other medical 
information as a condition of employment, 
insurance, education, commercial transactions, 
and other matters.

Americans are more accepting of genetic 
technology than Europeans; however, they 
share similar concerns. A nationwide survey 
commissioned by the National Center for 
Genome Resources was completed in 1998. 
Results showed that 69 percent of respondents 
thought that health and insurance companies 
should not have access to genetic information; 
85 percent thought that employers should 
not have such access; and 65 percent would 
withhold such information from relatives. 
Even databases containing anonymized 
samples have ethical concerns. Aside from 
the worry that computer hackers might 
reconstruct someone’s identity, the study may 
produce information that is of potential benefit 
to the individual (such as predisposition to a 
disease for which preventative measures are 
available). In such cases, even the anonymizing 
of data is ethically questionable.

There is no reason to expect that bioinformatics 
information will be afforded greater privacy 
protection than other forms of medical or 
genetic information. Some constitutional, 
statutory, or common law theories may be 

applied to limit some overly intrusive inquiries 
or unnecessarily extensive disclosures. In 
general, however, a wide range of limitations 
in each specific area will need to be enacted 
to safeguard the privacy of bioinformatics 
information.

Privacy issues also surround the Combined 
DNA Index System (CODIS) established by 
the FBI. CODIS is used as an investigative tool, 
comparing DNA sequences found at crime 
scenes with those of convicted offenders in the 
database. Former Attorney General Janet Reno 
identified several privacy concerns that pertain 
to the construction and use of this database. 
Currently, DNA samples are collected, tested, 
and then stored indefinitely. One concern is 
that such samples will be tested in the future 
for purposes other than identification. Another 
worry is the testing of samples obtained 
from persons arrested but not convicted of 
a crime. Does such testing violate their civil 
liberties? Finally, DNA testing can be used 
with samples that are many years old. Does 
this mean we should reexamine the statute of 
limitations? Questions such as these have no 
simple answers, and it will likely take years for 
society to reach a consensus.

If society is to gain the most from genomic 
biology, then the public must be able to 
rationally consider scientific issues. They 
should not place a blind trust in scientists, 
nor should they dismiss new technologies out 
of hand. This point is also made in the 1995 
National Science Education Standards: “Because 
molecular biology will continue into the 21st 
century as a major frontier of science, students 
should understand the chemical basis of 
life, not only for its own sake, but because 
of the need to take informed positions on 
some of the practical and ethical implications 
of humankind’s capacity to tinker with the 
fundamental nature of life.”

Information about Bioinformatics and the Human Genome Project
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Adeno associated virus (AAV): A small, stable 
virus that is not known to cause disease in 
humans. The naturally occurring form of the 
virus has only two genes, which are removed 
in the construction of AAV vectors for gene 
delivery. Neither AAV nor AAV vectors have 
been known to induce an immune response.

Adenovirus: A virus that causes clinical 
conditions such as the common cold and 
respiratory infections.

Agarose gel electrophoresis: A technique used 
to separate DNA fragments (and proteins) by 
their size. An electric current is used to propel 
the DNA (or proteins) through a porous gel 
matrix. 

Allele: A particular sequence variation of a 
gene or a segment of a chromosome.

Alternative splicing: The processing of an 
RNA transcript into different mRNA molecules 
by including some exons and excluding others.

Amplification: The repeated copying of a 
DNA sequence.

Annealing: The hydrogen bonding between 
complementary DNA (or RNA) strands to 
form a double helix. 

Annotation: The process of locating genes, 

their coding regions, and their functions.

Anonymized data: Data that cannot be traced 
back to their donor.

Anticodon: A 3-base sequence in a tRNA 
molecule that base-pairs with its com-
plementary codon in an mRNA molecule.

Assembly: Putting sequenced fragments 
of DNA into their correct order along the 
chromosome.

Autosome: Any of the numbered chromo-
somes that are not involved with sex 
determination. 

Bacterial Artificial Chromosome (BAC): A 
bacteria-derived DNA sequence that can be 
spliced with a large fragment of foreign DNA 
(100 to 300 kb) and inserted into E. coli cells to 
be amplified and sequenced.

Base-pair substitution: A type of mutation 
where one base pair is replaced with a 
different one; also called a point mutation.  

Bioethics:  The study of ethical issues raised 
by the developments in the life science 
technologies.

Bioinformatics:  The study of collecting, 
sorting, and analyzing DNA and protein 
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sequence information using computers and 
statistical techniques.

BLAST (Basic Local Alignment Search 
Tool): A computer program that searches for 
sequence similarities. It can be used to identify 
homologous genes in different organisms.

Candidate gene: A gene that is suspected of 
being associated with a particular disease.

Carrier: A person who is heterozygous for a 
mutation associated with a genetic disease. 
Usually, a carrier does not display symptoms 
of the disease but may pass the mutation on to 
offspring.

cDNA (complementary DNA): A DNA 
molecule synthesized from an mRNA 
molecule. They can be used experimentally to 
determine the sequence of an mRNA.

Centromere: The compact region near the 
center of a chromosome.

Clone: 1. A genetically identical copy of an 
individual cell or organism. 2. An exact copy of 
a DNA sequence.

Cloning vector: A DNA molecule, such as a 
modified plasmid or virus, that can be used to 
clone other DNA molecules in a suitable host 
cell. Cloning vectors must be able to replicate 
in the host cell and must possess restriction 
enzyme cut sites that allow the DNA 
molecules targeted for cloning to be inserted 
and retrieved.

Coding DNA or region: A sequence of DNA 
that is translated into protein; also called exons 
(in eukaryotes). 

Codon: A 3-base sequence in a DNA or mRNA 
molecule that specifies a specific amino acid or 
termination signal; the basic unit of the genetic 
code.

Combined DNA Index System (CODIS): A 
database maintained by the FBI. It includes 

DNA profiles of convicted offenders in the 
United States.

Comparative genomics: The process of 
learning about human genetics by comparing 
human DNA sequences with those from other 
organisms.

Consanguineous: Marriage or mating among 
related individuals.

Conserved sequence: A DNA (or amino 
acid) sequence that has remained relatively 
unchanged throughout evolution. Such a 
sequence is under selective pressure and 
therefore resistant to change.

Contig 1. A contiguous sequence of DNA 
created by assembling shorter, overlapping 
sequenced fragments of a chromosome 
(whether natural or artificial, as in BACs). 
2. A list or diagram showing an ordered 
arrangement of cloned overlapping fragments 
that collectively contain the sequence of an 
originally continuous DNA. 

Cosmid: A cloning vector derived from a 
bacterial virus. It can accommodate about 40 
kb of inserted DNA. 

Cycle sequencing: A DNA sequencing 
technique that combines the chain termination 
method developed by Fred Sanger with 
aspects of the polymerase chain reaction.

Deletion: A type of mutation caused by the 
loss of one or more adjacent base pairs from a 
gene.

Dideoxynucleotides (ddNTPs): Synthetic 
nucleotides lacking both 2’ and 3’ hydroxyl 
groups. They act as chain terminators during 
DNA sequencing reactions. 

Directed sequencing: Successively sequencing 
DNA from adjacent stretches of chromosome.

DNA chip: A microarray of oligonucleotides 
or cDNA clones fixed on a surface. They are 
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commonly used to test for sequence variation 
in a known gene, or to profile gene expression 
in an mRNA preparation.  

DNA ligase: An enzyme able to form a 
phosphodiester bond between adjacent but 
unlinked nucleotides in a double helix. 

DNA polymerase: An enzyme that adds bases 
to a replicating DNA strand. 

DNA probe: A chemically synthesized, often 
radioactively labeled, segment of DNA used 
to visualize a genomic sequence of interest 
by hydrogen-bonding to its complementary 
sequence.

DNA replication: The process of replicating a 
double-stranded DNA molecule.

Dominant: In human genetics, it describes 
any trait that is expressed in the heterozygous 
condition.

Draft sequence: A DNA sequence with a 
lower accuracy than a finished sequence. Some 
segments may be missing or in the wrong 
orientation.

Duplication: A chromosome rearrangement 
that duplicates a given region of DNA.  
Duplications may occur in tandem or the 
sequences may be inverted.

Electropherogram: Sequence data produced 
by an automated DNA sequencing machine. 
The data are a series of colored peaks where 
each peak represents one of the four different 
DNA bases.

Escherichia coli: The bacteria commonly used 
as a host cell for cloning segments of genomic 
DNA.

Ethical, Legal, and Social Issues (ELSI) 
Program: Established in 1990 by the founders 
of the Human Genome Project to anticipate 
and address the ethical, legal, and social 
issues that arise as the result of human genetic 

research. ELSI programs are funded by both 
the Department of Energy and the National 
Institutes of Health.

Euchromatin: The gene-rich areas of a 
chromosome.

Exon: A segment of a gene that codes for a 
portion of a protein. Exons are interspersed 
with noncoding introns.

Expressed Sequence Tag (EST): A short DNA 
sequence from a coding region that is used to 
identify a gene.  

Finished sequence: Sequence produced to 
an accuracy of no more than 1 error in 10,000 
bases. Finished sequences are in the proper 
orientation and have little or no gaps.

Fluorescence in situ hybridization (FISH): A 
technique that uses fluorescent molecules to 
locate the position of a DNA sequence along 
the chromosome.

Founder mutation: A mutation carried by 
an individual or a small number of people 
who are among the founders of a present day 
population.

Frame shift mutation: A type of mutation 
characterized by insertions or deletions that 
change the identities of the codons following 
the mutation. Often this creates stop codons 
that cause premature termination of the 
protein. 

Functional genomics: The study of genomes 
to determine the biological function of all the 
genes and their products. 

Gene expression: The process by which a gene 
is transcribed into RNA and then translated 
into a protein.

Genetic code: The mapping between the set of 
64 possible 3-base codons and the amino acids 
or stop codons specified by each of the triplets.
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Genome: The complete DNA content of an 
organism.

Genomics:  The comprehensive study of whole 
sets of genes and their interactions rather than 
single genes or proteins.

Germ cell: A haploid egg or sperm cell.

Haploid: A single set of chromosomes found in 
the sperm and eggs of an animal or the pollen 
and egg of a plant.

Haplotype: A specific combination of alleles 
or sequence variations that are likely to be 
inherited together.

Heritability: The proportion of variation in a 
trait among individuals in a population that 
can be attributed to genetic effects.

Heterochromatin: The compact, gene-poor 
regions of a chromosome. They contain many 
repeated sequences.

Homologous genes: Genes having similar 
structures and functions.  

Informed consent: The ethical practice of 
obtaining consent to undergo a medical 
procedure or participate in a medical study 
while respecting individual choice and 
protecting an individual from harm.

Insertion: A type of mutation caused by the 
addition of one or more adjacent base pairs to 
a gene.

Intron: A gene region that is not translated into 
protein. Introns are interspersed with coding 
regions called exons.

Karyotype: A photomicrograph that arranges a 
cell’s chromosomes to show their number, size, 
and type.

Kilobase (kb): A unit of DNA length 
corresponding to 1,000 bases.

Library: An unordered collection of clones 
whose relationship to each other can be shown 
by physical mapping. 

Linkage: The proximity of two or more loci 
(especially genes) on a chromosome.

Linkage map: A map of the relative positions 
of genes and other regions of a chromosome, 
produced by tracking how often loci are 
inherited together.

Locus: The position on a chromosome where a 
gene, or some other sequence, is located.

LOD score (log of the odds): A statistical 
estimate that measures the probability of two 
loci being close together and consequently 
being inherited together. A LOD score of 3 or 
higher is considered evidence that two loci lie 
close together.

Megabase: A unit of DNA length cor-
responding to 1 million bases.

Microsatellite: Repetitive stretches of short 
DNA sequences that are used as markers to 
track the inheritance of genes.  

Missense mutation: A type of mutation 
that results in the substitution of one type of 
amino acid for another in a given location in a 
polypeptide chain. 

Multiple sequence alignment: A 
bioinformatics tool that compares multiple 
DNA or amino acid sequences and aligns them 
to highlight their similarities.

Mutagen: A chemical or physical agent that 
interacts with DNA to promote the appearance 
of mutations.

Mutation:  A change in a DNA sequence with 
respect to a reference sequence.

Nonsense mutation: A type of mutation that 
changes an amino acid codon to one of the 
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three stop codons, resulting in a shorter and 
usually nonfunctional protein.

Oligonucleotide: A short, synthetically made 
stretch of single-stranded DNA.

Open reading frame (ORF): A stretch of 
DNA that when translated into an amino acid 
sequence does not contain an internal stop 
codon. An ORF can be evidence that a DNA 
sequence is part of a gene.

Ortholog: A homologous sequence found in 
different species and derived from a common 
ancestor. 

Paralog: A homologous sequence in the same 
organism derived from gene duplication.

Pedigree: A family tree describing the 
occurrence of heritable traits across as many 
generations as possible.

Penetrance: The degree to which a genetic 
disorder is expressed phenotypically.

Phylogenetic tree: A treelike diagram that 
depicts the evolutionary relationships between 
different organisms.

Physical map: A map showing the locations 
of identifiable markers spaced along the 
chromosomes. A physical map may be 
constructed from a set of overlapping clones.

Plasmid: A small circular DNA molecule 
found in bacteria that replicates independently 
of the chromosome. Plasmids are used as 
cloning vectors.

Point mutation: A type of mutation that 
involves changing a single base in a DNA 
sequence.

Polygenic inheritance: Describing a type 
of inheritance where more than one gene 
contributes to a phenotype.

Polymerase chain reaction (PCR): An enzyme-

mediated technique that allows specific DNA 
sequences to be amplified.

Polymorphism: A relatively common DNA 
sequence variation within a population at a 
given chromosomal location.

Predisposition: The condition of having a 
genotype that increases the risk for developing 
a genetic disease, if other environmental 
conditions are present.

Protein: A macromolecule consisting of one 
or more amino acid chains. Proteins carry out 
most of the cell functions.

Proteome: The full complement of proteins 
produced by a genome.

Proteomics: The study of the full set of 
proteins encoded by a genome and their 
interactions.

Pseudogene: A DNA sequence similar to that 
of an active gene. Pseudogenes have collected 
mutations that render them inactive.

Reading frame: The way an mRNA is read as 
a series of triplet codons during translation. 
There are three possible reading frames for any 
mRNA, and the correct reading frame is set by 
recognition of the AUG initiation codon. 

Recessive: A trait is recessive if it is manifest 
only in the homozygous condition. 

Recombination (also called crossing over): 
The process by which two homologous 
chromosomes exchange genetic material 
during the formation of eggs and sperm.

Recombinant DNA: A DNA molecule 
consisting of DNA from different sources; 
made using restriction enzymes and DNA 
ligase.

Repetitive DNA: A DNA sequence that is 
present in many identical or similar copies 
in the genome. The copies can be tandemly 
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repeated or dispersed.

Restriction enzyme: An endonuclease isolated 
from bacteria that recognizes and cuts a DNA 
molecule at a specific sequence. They are used 
in genetic engineering.

Restriction fragment length polymorphism 
(RFLP): Differences in DNA sequence on 
homologous chromosomes that result in 
restriction fragments of varying lengths that 
can be detected using DNA probes.

Retrovirus: A virus that carries its genetic 
material as RNA, rather than DNA. 
Retroviruses use reverse transcriptase to insert 
their genetic material into the chromosomes of 
infected cells.

Reverse transcriptase: An RNA-dependent 
DNA polymerase isolated from retrovirus 
infected cells. It synthesizes a complementary 
DNA from an RNA template. 

RNA splicing: The process by which introns 
are removed and exons are spliced together 
from an RNA transcript to produce an mRNA 
molecule. 

Sense strand: The DNA strand of a gene that 
is complementary in sequence to the template 
(antisense) strand, and identical to the 
transcribed mRNA sequence (except that DNA 
contains T where RNA has U). Gene sequences 
found in databases are always of the sense 
strand, in the 5’ to 3’ direction. 

Sequence tagged site (STS): A short stretch 
of DNA whose sequence occurs once in the 
genome and whose location is known. It 
serves as a landmark used in mapping and 
assembling a genome.

Short tandem repeat (STR): A short (2 to 5 
bases) DNA sequence that repeats itself in 
tandem. STRs are used in DNA profiling.

Shotgun sequencing: The process of breaking 
a long DNA sequence (or an entire genome) 

into many small pieces, sequencing the pieces, 
and assembling the fragments.

Silent (synonymous) mutation: A type of 
mutation that changes a codon but does not 
alter the amino acid encoded. Such mutations 
may still have effects on mRNA splicing or 
stability.

Single Nucleotide Polymorphism (SNP): A 
common single-base-pair variation in a DNA 
sequence.

Somatic cell: Any cell in a multicellular 
organism except a sperm or egg cell.

Splice site: The point in the sequence of 
the RNA transcript at which splicing takes 
place. Splice sites are found at exon-intron 
boundaries.  

Start (or initiation) codon: The first AUG 
(methionine) codon to be used by the ribosome 
at the start of translation.

Stop codon: The codons UAA, UGA, or UAG, 
which cause the termination of translation.

Telomere: The end of a chromosome. 
Telomeres contain repeated DNA sequences 
and are associated with the replication and 
stability of the chromosome.  

Transcription factor: A protein that binds to 
DNA regulatory regions and controls gene 
expression.

Transcriptome: The full complement of 
activated genes as represented by the set of  
mRNAs and transcripts in a particular tissue at 
a particular time.

Transformation: The process of introducing 
foreign DNA into a cell, or of a cell becoming 
cancerous.

Translocation: A type of chromosome 
aberration in which a sequence of 
DNA from one chromosome is moved to 
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another chromosome.

Transposon: A short DNA sequence that has 
the ability to move from one chromosomal 
position to another.

Vector: A DNA molecule that replicates 
independently in a host cell. It is used to 

ferry a foreign DNA sequence into a cell to be 
cloned. 

Yeast artificial chromosome (YAC): A yeast-
derived DNA sequence that can be spliced 
with a large fragment of foreign DNA and 
inserted into yeast cells to be amplified and 
sequenced.
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Additional Web 
Resources for Teachers

Genomics and Bioinformatics 
Web Sites

http://www.ornl.gov/hgmis

This Web site is hosted by the Department 
of Energy (DOE) and contains a suite of Web 
links that provide information about the 
Human Genome Project, DOE-supported 
genome research, medicine, education, and 
the ethical, legal, and social issues (ELSI)  
programs of the DOE and the National 
Institutes of Health.

http://www.genome.gov/

This is the home page for the National Human 
Genome Research Institute, which is part 
of the National Institutes of Health. The 
site provides information about the Human 
Genome Project, genomics research, and their 
ELSI program. Links to other genome sites are 
included.

http://www.ncbi.nlm.nih.gov

This is the home page for the National Center 
for Biotechnology Information (NCBI). The 
NCBI is a national resource for molecular 
biology information. It creates and manages 
public databases (including GenBank), 
conducts research in computational biology, 

and develops software for analyzing genome 
data.

http://www.genomeweb.com

GenomeWeb is an independent provider of 
news and information about the business and 
technology of genomics and bioinformatics.

http://www.wellcome.ac.uk/en/1/
awtpubnwswno.html

Wellcome News Online is the electronic 
version of the print magazine published by the 
Wellcome Trust. The Wellcome Trust supports 
genomics research in the United Kingdom. 

http://www.sciencemag.org/feature/plus/sfg/

This site belongs to the journal Science. It 
serves as an entry to the world of genomics. 
Some of the site links require a free registration 
or a paid subscription.

http://www.tigr.org

The Institute for Genomic Research (TIGR) is a 
not-for-profit research institute with interests 
in comparative genomics. TIGR scientists have 
determined the complete sequences of over 20 
microbial genomes.
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Genetic Disease Web Sites

http://www.genetests.org

GeneTests is a publicly funded medical 
genetics information resource aimed at health 
care providers and researchers. It requires a 
free registration to use.

http://www.rarediseases.org

This site is the home page for the National 
Organization for Rare Disorders, Inc. (NORD). 
NORD is a federation of more than 140 not-for-
profit health organizations serving people with 
rare disorders. The site contains information 
about more than 1,000 diseases.

http://www.atcp.org

This is the home page for the A-T Children’s 
Project. The site provides information 
and support for individuals and families 
coping with the rare genetic disease ataxia 
telangiectasia.

Genome Education Web Sites

http://www.accessexcellence.org/MTC/

Access Excellence was started by the 
biotechnology company Genentech and later 

donated to the National Health Museum, a 
nonprofit organization started by former U.S. 
Surgeon General C. Everett Koop. The site is 
intended for high school biology teachers and 
provides information about biotechnology and 
access to scientists and colleagues.

http://www.dnalc.org

This is the home page of the Dolan DNA 
Learning Center at Cold Spring Harbor 
Laboratory. The site provides an online 
genetics primer, information about genetic 
diseases, a eugenics archive, and several 
bioinformatics resources.

http://www.kumc.edu/gec/

Hosted by the University of Kansas Medical 
Center, this site features information about the 
Human Genome Project, genetic disorders, 
and resources for genetic educators.

http://www.hhmi.org/genetictrail

This site features an online genome resource 
called Blazing a Genetic Trail, produced 
by the Howard Hughes Medical Institute 
(HHMI). HHMI is a nonprofit medical research 
organization that supports research and 
science education across the country.
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Figure 1.1. The fictitious Onconomics Corporation

Overview
In this lesson, students become engaged in 
bioinformatics by exploring how to assemble 
a continuous DNA sequence from a series of 
shorter ones. By comparing the same sequence 
from different individuals, students see that 
genetic variation exists within the population.

DNA sequences provide the raw material 
for students to explore how bioinformatics 
contributes to our understanding of gene 
structure, function, and regulation. This 
lesson concentrates on the analysis of DNA 
sequences, not how those sequences are 
obtained. If your students are unfamiliar with 
techniques for DNA sequencing, there are a 
variety of print and Web-based resources to 
help them understand these important tools. 

The lesson begins with students assuming 
the roles of employees in a biotechnology 
company. The company is using bioinformatics 
to identify DNA sequences associated with 
cancer. The goal is to use this knowledge to 
develop products that prevent, diagnose, 
treat, or even cure the cancer. A memo from 
the research director instructs the students, 
as members of the company’s bioinformatics 
department, to assemble long DNA sequences 
from a series of shorter, overlapping 
sequences. Students work with DNA samples 
taken from different individuals but from the 
same region of the genome. These sequences 
will be examined for genetic variations 
(polymorphisms) associated with cancer. The 
DNA samples come from cancer patients and 
members of their immediate families who 
have given their consent to participate in this 
project. A control DNA sequence comes from a 
healthy individual with no history of cancer in 
the family.

Major Concepts
• Long DNA sequences are assembled from a 

series of shorter, overlapping sequences into 
structures called contigs.

• Computers are required to analyze the large 
amount of sequence data associated with 
assembling contigs.

• Genetic variation exists within human 
populations.

Lesson 1

Assembling DNA 
Sequences
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• Proper consent must be obtained from 
individuals who supply DNA samples for 
research purposes.

Estimated Time
50 minutes

Learning Outcomes
After completing this lesson, students will
• understand how longer DNA sequences 

(contigs) are assembled from a series of 
shorter sequences,

• discover that genetic variation 
(polymorphisms) exists within human 
populations,

• realize that computers are needed to analyze 
DNA sequence data, and

• appreciate that proper consent must be 
obtained from individuals who donate DNA 
samples for analysis.

Materials
Copymaster 1.1, Memo from the Research 
   Director (Make 1 copy per student.)
Copymaster 1.2, Informed Consent Form (Make 
   1 copy per student.)
Copymaster 1.3, DNA Sequences for Contig 
   Assembly (Make sufficient copies so that each
   student team has a sequence to analyze.)
Envelopes (1 per team of 2 students labeled 
   with the appropriate sequence number)

Preparation
Copymaster 1.3 includes a series of 11 short 
DNA sequences. Each sequence comes from a 
different person and from the same region of 
the genome. Each sequence is broken into three 
overlapping pieces and includes data for both 
DNA strands. Make copies of Copymaster 1.3 
so that a team of 2 students works with just 
one of the sequences. Use scissors to cut each 
DNA sequence into its 6 fragments and place 
them into an envelope. Do not cut off the 5’ and 
3’ labels. Students need them to assemble their 
sequences. If you have a large class, assign 
more than one lab team to analyze Sequence 1 
(control).

Teacher Note
The introductions that precede each student 
lesson are designed to provide the teacher 
with background information relevant to that 
lesson. This information may help you to 
better place the lesson in context and to answer 
student questions. The introductions are not 
intended to serve as a basis for lecturing to 
students.

Introduction
In this lesson, students explore how DNA 
sequence data are assembled to produce 
a long, continuous stretch of sequence. 
This process uses individually sequenced 
fragments that have overlapping sequences 
at their ends. By aligning the overlaps, a long 
sequence can be put together. The assembled 
sequence is referred to as a contig because it 
is derived from a series of shorter sequences 
that were contiguous with each other on the 
chromosome.

Sequence assembly begins by cloning 
DNA into bacterial cells. Enzymes that cut 
DNA sequences (restriction enzymes) and an 
enzyme that pastes together DNA sequences 
(DNA ligase) are used to insert the DNA to 
be sequenced into another DNA molecule 
called the vector DNA. Vector DNA contains 
sequences needed to replicate the molecule 
within the bacterial cells. Cloning the DNA 
into bacteria is fast, efficient, and can provide 
an unlimited source of DNA for sequence 
analysis. In reality, the DNA sequences used by 
scientists are much longer than the ones used 
in this lesson.

Automated DNA sequencing usually involves 
using the chain termination method developed 
by Fredrick Sanger in the 1970s, coupled with 
the use of the heat-stable Taq DNA polymerase. 
This technique is known as cycle sequencing.

In this lesson, students play the role of the 
computer that looks for overlaps and 
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assembles the complete DNA sequence. The 
amount of sequence analyzed and the extent 
of overlaps is much less than would be used 
in an actual sequence assembly. However, the 
principle is the same. This lesson makes clear 
why the use of computers is essential to DNA 
sequence analysis.

Students then compare their DNA sequence 
with those of their classmates. They discover 
that, although each sequence comes from the 
same region of the genome, the sequences are 
not identical. These sequence differences may 
reflect genetic variation within the population 
(polymorphisms) or arise from errors in 
sequencing.

Procedure

Teacher Note
The DNA sequences used in this lesson 
represent both the maternal and the paternal 
chromosomes. Students should assume that 
each base is the same on the 2 chromosomes 
(homozygous condition) unless otherwise 
indicated. For example, a heterozygous 
condition may be depicted as “A/C,” which 
means that one chromosome has an A in this 
position while the homologous chromosome 
has a C at that same position. For the purposes 
of these lessons, students do not need to know 
which sequence is maternal or paternal. You 
will need to make this clear during Step 6.

1. Divide the class into teams of 2 students. 
Explain that they are employees of 
a biotechnology company called 
Onconomics Corporation. The company 
uses genomic data to produce new drugs 
that help prevent, diagnose, or treat 
different types of cancer. 

 DNA and amino acid sequence data help 
scientists understand the biochemistry of 
disease. Such understanding can be used 
to guide the development of new drugs. 
This approach is known as rational drug 
design because it derives from an objective 
understanding of the biochemical defect 

associated with disease. This stands in 
contrast to the traditional approach of 
screening millions of chemicals in the 
hope that one or more will help control the 
disease.

2. Give each student a copy of Copymaster 
1.1, Memo from the Research Director, and 
Copymaster 1.2, Informed Consent Form, 
and instruct them to read each one.

 If students are unfamiliar with the 
term polymorphism, explain that a DNA 
polymorphism is a sequence variation 
that naturally exists in the population. 
If a polymorphism is rarely found in the 
population, or is associated with a genetic 
disorder, it is often called a mutation.

3. Give each student team an envelope that 
contains the 6 short DNA sequences for 
their individual. Explain that they are 
being given sequence data for both DNA 
strands. Their task is to

     •  separate the sequences for each of the 
         2 DNA strands,
     •  use sequence overlaps of 4 to 6 bases 
         to put the 3 sequences per DNA strand
         in their correct order, and
     •  write down the assembled sequence 
         for each strand.

 You may wish to illustrate sequence 
assembly using overlaps from a portion of 
the control sequence:

 

 5’ TTTACTCCAA 3’
       5’ CCAAGACACAAATGA 3’

 5’ TTTACTCCAAGACACAAATGA 3’

 
 Table 1.1 on the following page summarizes 

the student sequences and describes how 
they vary from the control sequence.

Student Lessons • Lesson 1: Assembling DNA Sequences
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1. Control sequence

 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA GGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’ 

2. Base substitution (C to A on top strand and G to T on bottom strand)

 5’ TTGATTCATG ATATTTTACT ACAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA TGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’ 

3. Same as control sequence

 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA GGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’

4. Base substitution (T to C on top strand and A to G on bottom strand)

 5’ TTGATTCATG ATATTTTACT CCAAGACACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA GGTTCTGTGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’

5. Heterozygote having 1 allele the same as the control and another with a base substitution

 5’ TTGATTCATG ATA/CTTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TAT/GAAAATGA GGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’ 

6. Base substitution (C to T on top strand and G to A on bottom strand)

 5’ TTGATTCATG ATATTTTACT TCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA AGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’

7. Heterozygote having 1 allele the same as the control and another with a base substitution
 
 5’ TTGATTCATG ATATTTTACT CCAAG/AATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA GGTTC/TTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’ 

8. Heterozygote having 1 allele the same as the control and another with a base substitution

 5’ TTGATTCATG ATATTTTACT CCAAGA/TTACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA GGTTCT/AATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’

Table 1.1

The OncoX DNA Sequences
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4. After teams have assembled and written 
down their sequences, ask one of the 
teams that assembled the control sequence 
(Sequence 1) to read the top strand (5’ to 3’ 
strand) aloud. As the sequence is read, write it 
on the board.

 To reduce confusion and help you to iden-
tify specific bases more easily, number 
and leave a space after each 10th base (base 
numbers 1, 10, 20, etc.) as indicated below:

      1       10         20         30
 5’ TTGATTCATG ATATTTTACT CCAAGATACA 

5. After writing the complete sequence on the 
board, explain that you will read through 
it again. This time, instruct students to 
raise their hands if their sequences differ 
from that written on the board. Each 
time a student raises his or her hand, ask 
them how their sequence differs from the 
control sequence. Record the difference 
above or below the control sequence.

 Again, proceed through the sequence in 
groups of 10 bases. Alternatively, 1 student 
from each team can go to the board and 
record differing bases above or below the 
control sequence. Students will see that the 

various sequences are very similar but not 
identical to each other.

6. Explain that Sequences 5, 7, and 8 are 
from individuals who are heterozygous 
for bases in this area of the genome. 
This means that their sequences in this 
region differ between their maternal 
and paternal copies. For example, in 
Sequence number 5, the 5’ to 3’ strand 
contains the bases A/C; the 3’ to 5’ strand 
contains the bases T/G. This means that 1 
chromosome (for example, the maternal) 
contains the complementary bases A and 
T. The homologous chromosome (the one 
inherited from the father) contains the 
complementary bases C and G. Explain 
further that all other sequences come from 
individuals who are homozygous and 
therefore have the same sequence on both 
the maternal and paternal chromosomes.

7. Ask students to keep the paper on which 
they wrote down their team’s DNA 
sequence.

 Students will need to refer to their DNA 
sequences in the next lesson. Alternatively, 
you can collect their papers and redistribute 
them during Lesson 2.

9. 2 base substitutions (C to T and T to C on top strand and G to A and A to G on bottom strand)

 5’ TTGATTCATG ATATTTTACT TCAAGACACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

 3’ AACTAAGTAC TATAAAATGA AGTTCTGTGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’
 
10. 1 unidentifiable base pair (N = nucleotide)

 5’ TTGATTCATG ATATTTTANT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’
     
 3’ AACTAAGTAC TATAAAATNA GGTTCTATGT TTACTTAGTA CCTCTTTAGA CGAAAGA 5’ 
 
11. 3 unidentifiable base pairs (N = nucleotide)

 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT NNNGAAATCT GCTTTCT 3’
     
 3’ AACTAAGTAC TATAAAATGA GGTTCTATGT TTACTTAGTA NNNCTTTAGA CGAAAGA 5’

Student Lessons • Lesson 1: Assembling DNA Sequences
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Discussion Questions
1. If the DNA sequences assembled in this 

lesson all come from the same region of the 
genome, why do some of them vary from 
one another?

 Students may respond that the DNAs 
come from different people. This fact likely 
accounts for the differences. Between any 
two unrelated people, there is a sequence 
variation between them about every 500 to 
1,000 bases. In some regions of the genome, 
there is more variation than this, and in 
other regions, there is less.

 Other students may speculate that the  
sequence variation comes from the fact that 
the DNA donors have cancer in their family. 
Although cancer involves mutations to 
DNA, it is premature to conclude that the 
sequence variations seen here are associated 
with their disease. This is, however, an issue 
that Onconomics Corporation wants to 
investigate.

 Still other students may wonder if some of 
the sequence variation derives from errors 
in the sequencing process. They can point 
to Sequences 10 and 11 that feature one or 
more Ns in the sequence. The Ns indicate 
that the sequencer could not establish 
the identity of the base in that location. It 
also is possible that some bases have been 
incorrectly identified.

2. How can you tell if a sequence variation 
occurs naturally in the population or comes 
from an error in sequencing?

 A given DNA sequence should be 
sequenced several times to make it reliable.  
The Human Genome Project sequenced 

every part of the genome several times. 
Some DNA sequences are prone to form 
secondary structures that make sequencing 
difficult. Such regions may have to be 
resequenced under different conditions (by 
adjusting pH, temperature, reagents, etc.) 
to obtain a better result. During automated 
sequencing, when the computer is unable to 
reliably identify a given base, it prints out an 
“N” (for nucleotide) to tell the operator that 
an unknown base is found at that location.

3. How do DNA sequence polymorphisms 
arise in the genome?

 Student answers will vary. They may 
mention the following:

     •  errors during DNA replication
     •  failure of the DNA proofreading 
         systems to correct errors
     •  mutations caused by exposure to 
         mutagens such as ultraviolet light and 
         various chemicals

4. Consider the informed consent form. Does 
it adequately protect the rights of the tissue 
donor as well as the company?

 Student responses will vary. Some may feel 
that the consent form does not adequately 
protect the tissue donor. For example, they 
may feel that medical costs associated with 
treating side effects from the needle stick 
should be included. Others may feel that the 
consent form should allow the donor access 
to information obtained from their sample. 
These are valid concerns. Scientists involved 
with genomic research are struggling with 
how to balance their needs with the rights 
of the sample donors. We will come back to 
this issue in the final lesson.
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Overview
In this lesson, students extend their 
investigation of the DNA sequences assembled 
in the previous lesson. Building on prior 
knowledge about DNA, RNA, proteins, and 
the genetic code, students generate RNA 
sequences that would be transcribed from each 
of their DNA strands. A genetic code table 
is used to translate the RNA sequences into 
amino acid sequences. Students look for open 
reading frames (ORFs) that may represent 
gene fragments.

The students continue in their roles as 
employees of the Onconomics Corporation. 
Student teams examine their assembled 
DNA sequences and look for evidence that 
they come from a region of the genome that 
encodes a gene. Any suspected gene sequences 
will be investigated further as to gene function 
and their relationship, if any, to cancer.

Major Concepts
• DNA is transcribed into RNA.

• DNA uses a triplet code to direct the 
synthesis of proteins.

• The triplet code and double-stranded nature 
of DNA combine to produce six possible 
reading frames.

• mRNA is translated in the 5’ to 3’ direction.
• A stretch of DNA sequence lacking a stop 

codon is called an open reading frame (ORF).

Estimated Time
Activity 1: 50 minutes
Activity 2: 50 minutes

Learning Outcomes
After completing this lesson, students will
• understand that either DNA strand can be 

transcribed into RNA,
• discover that a given RNA sequence can be 

read in three different reading frames, and
• identify RNA reading frames lacking stop 

codons as open reading frames.

Materials
Activity 1: The Genetic Code and ORFs

Figure 2.1. Automated DNA sequencers display data as electropherograms.

Lesson 2

Finding Features in the 
Genetic Landscape
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Copymaster 2.1, Reading Frame Translations 
   (Make 1 copy per student team and prepare 
   an overhead transparency.)
Copymaster 2.2, The Genetic Code (Make 1 copy
   per student team and prepare an overhead 
   transparency.)
Copymaster 2.3, Reading Frame Translations 
   Answer Key
Highlighting marking pens (1 per team)
Ruler or piece of paper to serve as a straight 
   edge (1 per team)

Activity 2: Sequence Data and Alignment
Copymaster 2.4, OncoX Electropherogram 
   Analysis (Make 1 copy per student team.)
Copymaster 2.5, OncoX Multiple DNA Sequence
   Alignment (Make 1 copy per student team.)
Copymaster 2.6, OncoX Multiple Amino Acid 
   Sequence Alignment (Make 1 copy per student 
   team.)
Computers with Internet access

Preparation
Have the DNA sequences used in Lesson 
1 available for the student teams. Prepare 
photocopies and overhead transparencies. 
Check your Internet connection and create a 
bookmark for the Onconomics Web site, http:
//www.bscs.org/onco.

Introduction 
In this lesson, students begin to extract 
information from their assembled DNA 
sequences. When confronted with raw DNA 
sequence data and no additional information, 
it is important to establish if the sequence 
comes from a gene-coding region of the 
genome. Usually, sequences are large enough 
so that the only practical way of performing 
such analyses is with computers equipped 
with a variety of bioinformatics tools.

Bioinformatics software can take a 
DNA sequence, transcribe it into its 
corresponding RNA sequence, and then 
translate the RNA sequence into an amino 
acid sequence. Since each DNA strand can 
be read in three different reading frames, 
the computer must perform six different 

translations for any given DNA sequence. 

Computer programs also can be used to locate 
candidate genes. One of the first and most 
important indications that a sequence may 
be part of a gene is the presence of an open 
reading frame (ORF). When translating an RNA 
sequence into an amino acid sequence, 3 out 
of 64 codons denote a stop signal. This means 
that if the codons were randomly distributed 
throughout the sequence, one would expect to 
encounter a stop codon about every 20 amino 
acids. Genes can vary greatly in size, though 
most code for hundreds of amino acids. This 
means that a sequence that is part of a protein-
coding region will lack stop codons (except for 
those at the end of the gene), while sequences 
that are not protein coding will display stop 
codons every 20 amino acids or so.

The task of analyzing DNA sequence data and 
locating genes is not trivial. Aside from ORFs, 
computers look for other sequence features 
commonly found in genes such as start and 
stop codons, promoter sequences where 
RNA polymerases bind, and exon/intron 
splice junctions. Unfortunately, these features 
can vary from one gene to another. Gene 
prediction, based on sequence analysis alone, 
is suggestive, not conclusive.

Another useful bioinformatics program is the 
alignment function. One of the commonly 
used sequence alignment programs is called 
a multiple alignment analysis. This tool 
performs multiple comparisons of nucleic 
acid or amino acid sequences and aligns them 
based on their similarities. Such alignments 
are useful when comparing sequences from 
different species to look for homologies and 
also for examining genetic variation within a 
species.

Procedure
Activity 1: 
The Genetic Code and ORFs

Teacher Note
Copymaster 2.1, Reading Frame Translations, 
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asks students to start from their DNA 
sequence, transcribe each strand into mRNA 
sequences, and finally translate each mRNA 
sequence into 3 different reading frames. This 
is an opportunity for you to reinforce the 
idea that RNA transcription and translation 
only occur in a single direction. Copymaster 
2.3, Reading Frame Translations Answer Key, 
provides you with the correct translations.

1. Instruct students to retrieve their 
assembled DNA sequences from Lesson 1.

 If students do not have their sequences with 
them, you can find them in Table 1.1 on 
page 52.

2. Ask students what information they can 
get from the DNA sequence. 

 Answers will vary. In fact, we cannot tell 
much about a DNA sequence by simply 
looking at it. Students may respond that the 
DNA sequence can provide the amino acid 
sequence of the gene product. You can guide 
the discussion by asking questions like

     •  How do we know if a sequence is part 
         of a gene?
     •  How do we know which DNA strand 
         encodes the information?

3. Give each team a copy of Copymaster 2.1, 
Reading Frame Translations. Explain that 
in their roles as employees of Onconomics, 
they will attempt to answer the questions 

     •  Is this sequence part of a gene? 
     •  If so, on which DNA strand is the gene
         located? 

4. Instruct the teams to write their DNA 
sequences in the appropriate spaces on 
Copymaster 2.1. One student should 
serve as recorder and the other should 
read out the letters. They should fill in 
boxes for both DNA strands. Teams with 
heterozygous bases (Sequences 5, 7, and 
8) should record both bases in one box as 
shown:  

               A/C

5. Next, instruct the teams to fill in the boxes 
for the mRNA bases that result from 
transcribing each of the DNA strands. 
Remind students that uracil (U) replaces 
thymine (T) during transcription of 
RNA molecules. Again, students with 
heterozygous bases should record both 
bases in one box.

6. Give each team a copy of Copymaster 2.2, 
The Genetic Code. Instruct teams to use the 
information in this copymaster to translate 
each reading frame into an amino acid 
sequence. Students with heterozygous 
bases should record both possible amino 
acids in one box.

 To help students begin, the first 6 bases 
and 1 or 2 amino acids in each reading 
frame are provided on Copymaster 2.1. Use 
transparencies of Copymasters 2.1 and 2.2 
to review the process of translation. Point 
out to students that Copymaster 2.2 includes 
one-letter abbreviations for each amino 
acid. Students should use these letters when 
filling in the boxes on Copymaster 2.1. 
Remind students that

     •  The genetic code is read in groups of 3 
         bases.
     •  A triplet of bases in an mRNA molecule 
         is called a codon.
     •  There are 64 codons (meaning 64 
         different combinations of 3 DNA bases).
     •  Most amino acids are specified by more 
         than 1 codon.
     •  Three stop codons, UAA, UAG, and 
         UGA, signify the end of translation. 

7. Explain that a given mRNA sequence can 
be read in 3 different reading frames. 

 For example, consider the bottom DNA 
strand of the control sequence. When 
transcribed into mRNA it reads 

    5’ UUGAUUCAU 3’. This sequence can be 
read in triplets as:

 ... UUG  AUU  CAU ... (starting from the 
first U); or

 ... UGA  UUC  AU ... (starting from the 
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 second U); or
 ... GAU  UCA  U ... (starting from the first 
 G base).

 Because there are 2 complementary strands 
in a DNA molecule, and each strand can be 
translated from 3 different reading frames, 
this means there are 6 possible reading 
frames (2 strands × 3 reading frames per 
strand). In order to locate a potential 
gene, all possible reading frames must be 
examined.

8. Explain that mRNA is translated in the 
5’ to 3’ direction. Therefore, students will 
read the mRNA transcribed from the 5’ to 
3’ DNA strand in reverse. 

 For example, 
     •  given the DNA sequence 
         5’ TTGATTCAT 3’, 
     •  the transcribed mRNA strand will be 
         3’ AACUAAGUA 5’. 
     •  The first letter read during translation 
         will be A, the second letter will be U, 
         and the third letter will be G. AUG 
         codes for the amino acid methionine. 

 Translation of the mRNA from the bottom 
DNA strand (the 3’ to 5’ strand) will proceed 
from left to right on the copymaster, just as 
one would normally read text. However, 
translation of the mRNA from the top DNA 
strand (the 5’ to 3’ strand) will proceed from 
right to left, the opposite way one would 
normally read text. 

9. After teams have completed their 
translations, ask them how the location 
of stop codons can provide a clue as to 
whether or not a particular reading frame 
is part of a gene.

 Answers will vary. The important point is 
that stop codons are randomly scattered 
throughout reading frames that do not code 
for proteins (noncoding DNA). In contrast, 
stop codons are absent from reading frames 

that do code for proteins—that is, until the 
end of the gene. A reading frame without 
stop codons is called an open reading frame 
(ORF).

10. Ask students to examine the data for the 
presence of open reading frames (ORFs). 
ORFs can indicate that the sequence is part 
of a gene and worthy of additional study. 
Instruct them to use their marking pen to 
highlight any ORFs.

 For the purpose of this activity, an ORF 
refers to a reading frame that does not 
contain a single stop codon. Most teams 
should highlight Reading Frames 3 and 4 as 
ORFs. Teams with Sequences 10 and 11 have 
one or more unidentified bases (Ns) and 
cannot find an ORF without substituting the 
appropriate bases from the control sequence. 

11. Ask one of the teams that analyzed 
Sequence 1 (the control sequence) to read 
aloud the amino acid sequence of the ORF 
in Reading Frame 3 using the one-letter 
abbreviations. As the sequence is read 
aloud, write it on the board.

12. After you write the complete sequence 
on the board, explain that you will read 
through it again. This time, instruct 
students to raise their hands if their 
sequences differ from that written on the 
board. Each time that a student raises a 
hand, ask him or her how the sequence 
differs from the control sequence. Record 
that difference above or below the control 
sequence.

 As with the DNA sequences, students will 
see that the various amino acid sequences 
are very similar (and in some cases 
identical) to each other.  

13. Repeat Steps 11 and 12 using the ORF 
in Reading Frame 4 from the control 
sequence.
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Discussion Questions
1. Is there more or less variation between the 

DNA sequences as compared to the amino 
acid sequences? Why?

 There is more variation in the DNA 
sequences as compared to the amino acid 
sequences. This is because some DNA base 
substitutions do not result in a change to the 
amino acid sequence.

2. Does your analysis provide any evidence 
that the sequence may be part of a gene? 
Why?

 The presence of the ORFs in Reading Frames 
3 and 4 suggests that the sequence may be 
part of a larger gene.

3. Which change in the DNA sequence would 
have the greatest impact on the resulting 
protein?

     •  inserting 1 base
     •  deleting 3 bases
     •  inserting 6 bases

 Inserting (or deleting) a single base would 
have a greater effect on the resulting protein 
than the insertion (or deletion) of 3 or 6 
bases. Adding or subtracting a single base 
disrupts the reading frame, causing the 
sequence downstream from the insertion 
or deletion to be read differently. Usually, 
such a frameshift creates a new stop codon 
to be read, which leads to production of a 
shortened (and often dysfunctional) protein. 
If the insertion (or deletion) involves 
multiples of 3 bases, then the impact is just 
the addition or subtraction of one or a few 
amino acids to the protein.

4. Computers are essential to the study of 
bioinformatics. Based on your experience 
so far, what tasks could computers help 
you to accomplish more efficiently?

 Answers will vary. Students may mention 
the following:

     •  recording data from DNA sequencers 
     •  aligning sequences for comparison
     •  searching for ORFs
     •  transcribing DNA sequences to RNA 
         sequences
     •  translating RNA sequences to amino 
         acid sequences

Activity 2: 
Sequence Data and Alignment

Teacher Note
The Onconomics Corporation Web site is 
intended to simulate an internal (Intranet) 
Web site used by employees of the company. 
As such, it contains information that is not 
directly relevant to the classroom lessons. If 
students explore the site, however, they will 
find that it broadens their introduction to 
bioinformatics, providing realistic information 
about career opportunities, press releases, and 
scientific protocols. In addition, students can 
access a bioinformatics glossary.

Data used throughout the module is derived 
from an actual DNA sequence and search 
results. The multiple alignment analysis 
performed in this activity, however, is 
simulated. The process of performing the 
alignment and the manner in which the results 
are displayed is similar to that of an actual 
multiple alignment analysis. Note that in this 
activity students only use data from the top 
DNA strand (5’ to 3’) from Lesson 1.

1. Explain that before moving on, each 
student team must access and review 
the raw DNA sequence data (called 
an electropherogram) sent over by the 
Sequencing Department. Each student 
team must confirm their sequence and 
clear up any suspect bases. Give each 
team a copy of Copymaster 2.4, OncoX 
Electropherogram Analysis.

 Students first will review sample 
electropherograms to make sure they 
understand how to interpret the different 
electropherograms that they will encounter.

Student Lessons • Lesson 2: Finding Features in the Genetic Landscape
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2. Instruct students to log on to the 
company Web site and view the sample 
electropherograms as explained on 
Copymaster 2.4. After viewing the sample 
electropherograms, students should 
answer the questions on the copymaster. 
Circulate among the teams and make sure 
that they understand how to recognize 
heterozygous bases and unreadable bases 
before proceeding with the lesson.

 When students scroll to the bottom of the 
Cycle Sequencing Protocol, they will see 
3 different electropherograms: a normal 
DNA sequence, a sequence showing a 
heterozygous base position, and a sequence 
that has an unreadable region. 

 In automated sequencing, each DNA base 
has a small molecule attached to it that will 
emit light of a characteristic color when 
stimulated by a laser. A detector records the 
color of the light emitted as each base passes 
the laser. The computer translates each color 
into its appropriate base as below:

     a.  Green = Adenine (A)
     b.  Blue = Cytosine (C)
     c.  Yellow = Guanine (G): tracings on chart
          paper use black instead of yellow
     d.  Red = Thymine (T)

 Students also will see that each base has a 
number associated with it. These are called 
quality scores and they indicate how much 
confidence to place in the identity of each 
base. In this lesson, quality scores range 
from 0 to 9. Scores of 8 and 9 indicate that a 
base has been identified with a high degree 
of certainty. Unidentifiable bases (N) have 
quality scores of 0.

3. After students view the sample elect-
ropherograms and answer the questions 
on Copymaster 2.4, instruct them to 
follow the directions for viewing the 
electropherogram of their team’s assigned 
DNA sequence from Lesson 1.

 Students will see a menu of the 11 

assembled sequences. Clicking on an 
individual sequence will bring up its 
electropherogram.

4. Instruct the student teams to click on 
their assigned sequence. When its 
electropherogram appears on the screen, it 
is labeled as either confirmed or tentative 
sequence data. If the sequence data is 
labeled as confirmed, then they should 
compare it to the sequence they wrote 
down during Lesson 1, and if necessary, 
correct their sequence so that it agrees with 
that on the screen. If the sequence data 
is labeled as tentative, then they should 
click on the link to New Data. This will 
provide confirmed sequence data for their 
comparison. After teams have completed 
their comparisons, they should record 
their confirmed sequence at the bottom of 
Copymaster 2.4.

 In this activity, teams with Sequences 1 
through 9 are initially labeled as confirmed. 
Sequences 10 and 11, which feature one 
or more unidentified bases, are labeled 
as tentative. The new data show that 
the unidentified bases in their original 
sequence are the same as those in the control 
sequence. This means that Sequences 10 and 
11 should be corrected to be the same as the 
control sequence (Sequence 1).

5. After teams have confirmed their DNA 
sequences, instruct them to return to the 
company’s home page. Explain that each 
student team will summarize the DNA 
and amino acid sequence variations seen 
among the 11 different sequences. Give 
each team 1 copy of Copymaster 2.5, OncoX 
Multiple DNA Sequence Alignment, and 
Copymaster 2.6, OncoX Multiple Amino 
Acid Sequence Alignment.

6. Instruct teams to click on the link to the 
Bioinformatics Department. Under the 
Bioinformatics Tools menu they will 
see options for Multiple DNA Sequence 
Alignment and Multiple Amino Acid 
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Sequence Alignment. 

 The multiple alignment tools are programs 
that can analyze multiple sequences and 
align them with each other to help visualize 
their similarities. 

7. Instruct the teams to click on the Multiple 
DNA Sequence Alignment option and use 
the pull-down menu to select OncoX 
Project. 

 The program will align all 11 DNA 
sequences and highlight variations from 
the control sequence in yellow. Students 
are to use the aligned sequences to fill 
out Copymaster 2.5, OncoX Multiple DNA 
Sequence Alignment. For each of the 11 
sequences, they should indicate if it is the 
same or different from the control sequence. 
They also should include brief descriptions 
of any sequence variations.

 For example, Sequence 4 can be described as 
having a C-G base pair substituted for a T-A 
base pair at base position 27.

8. After teams complete Copymaster 
2.5, instruct them to return to the 
Bioinformatics Tools menu page and click 
on the Multiple Amino Acid Sequence 
Alignment option. They can input amino 
acid sequence data for each of the 2 ORFs 
(Reading Frames 3 and 4) found in Activity 
1. To input amino acid data for the ORF 
in Reading Frame 3, students can simply 
select the desired reading frame from the 
pull-down menu.

 
 The program will align all 11 amino acid 

sequences and show variations from the 
control sequence in yellow. 

9. Students are to use the aligned sequences 
to fill out the left column of Copymaster 
2.6, which deals with the ORF from 
Reading Frame 3. Notice that sequences are 
to be written in the 5’ to 3’ direction.

 For each of the 11 sequences, students 
should indicate if it is the same or different 
from the control sequence. They also should 
include brief descriptions of any differences.
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Table 2.1 

Results from Multiple DNA Sequence Alignment*
   1        10         20        30          40         50

1 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

2 5’ TTGATTCATG ATATTTTACT ACAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

3 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

4 5’ TTGATTCATG ATATTTTACT CCAAGACACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

5 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’
5’ TTGATTCATG ATCTTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

6 5’ TTGATTCATG ATATTTTACT TCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

7 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’
5’ TTGATTCATG ATATTTTACT CCAAAATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

8 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’
5’ TTGATTCATG ATATTTTACT CCAAGTTACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

9 5’ TTGATTCATG ATATTTTACT TCAAGACACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

10 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

11 5’ TTGATTCATG ATATTTTACT CCAAGATACA AATGAATCAT GGAGAAATCT GCTTTCT 3’

*Sequences 5, 7, and 8 are from heterozygous individuals.
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Results from Multiple Amino Acid Sequence Alignment for Reading Frame 4*
   1        10

1 5’ LIHDILLQDT NESWRNLLS 3’ – control sequence

2 5’ LIHDILLQDT NESWRNLLS 3’ – silent mutation

3 5’ LIHDILLQDT NESWRNLLS 3’ – same as control sequence

4 5’ LIHDILLQDT NESWRNLLS 3’ – silent mutation

5 5’ LIHDILLQDT NESWRNLLS 3’ 
5’ LIHDLLLQDT NESWRNLLS 3’ – heterozygous at 5th amino acid for isoleucine (same as 
                                                            control) and leucine

6 5’ LIHDILLQDT NESWRNLLS 3’ – silent mutation

7 5’ LIHDILLQDT NESWRNLLS 3’ 
5’ LIHDILLQNT NESWRNLLS 3’ – heterozygous at 9th amino acid for aspartate (same as 
                                                            control) and asparagine 

8 5’ LIHDILLQDT NESWRNLLS 3’ 
5’ LIHDILLQVT NESWRNLLS 3’ – heterozygous at 9th amino acid for aspartate (same as 
                                                            control) and valine 

9 5’ LIHDILLQDT NESWRNLLS 3’ – two silent mutations

10 5’ LIHDILLQDT NESWRNLLS 3’ – same as control sequence

11 5’ LIHDILLQDT NESWRNLLS 3’ – same as control sequence

Table 2.2 

Results from Multiple Amino Acid Sequence Alignment for Reading Frame 3*
   1        10

1 5’ KADFSMIHLY LGVKYHES 3’ – control sequence

2 5’ KADFSMIHLY LVVKYHES 3’ – point mutation changes 12th amino acid from glycine to valine

3 5’ KADFSMIHLY LGVKYHES 3’ – same as control sequence

4 5’ KADFSMIHLC LGVKYHES 3’ – point mutation changes 10th amino acid from tyrosine to 
                                                          cysteine

5 5’ KADFSMIHLY LGVKYHES 3’ 
5’ KADFSMIHLY LGVKDHES 3’ – heterozygous at 15th amino acid for tyrosine (same as control) 
                                                          and aspartate

6 5’ KADFSMIHLY LEVKYHES 3’ – point mutation changes 12th amino acid from glycine to 
                                                          glutamate

7 5’ KADFSMIHLY LGVKYHES 3’ 
5’ KADFSMIHLY FGVKYHES 3’ – heterozygous at 11th amino acid for leucine (same as control) 
                                                          and phenylalanine

8 5’ KADFSMIHLY LGVKYHES 3’
5’ KADFSMIHL* LGVKYHES 3’ – heterozygous at 10th amino acid for tyrosine (same as control)
                                                          and stop

9 5’ KADFSMIHLC LEVKYHES 3’ – two point mutations, 10th amino acid changes from tyrosine to 
                                                          cysteine and 12th amino acid changes from glycine to glutamate

10 5’ KADFSMIHLY LGVKYHES 3’ – same as control sequence

11 5’ KADFSMIHLY LGVKYHES 3’ – same as control sequence

*Sequences 5, 7, and 8 are from heterozygous individuals.

*Sequences 5, 7, and 8 are from heterozygous individuals.
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10. After summarizing the sequence variation 
for the ORF in Reading Frame 3, the teams 
should return to the Multiple Amino Acid 
Sequence Alignment option and input 
amino acid data for the second ORF by 
selecting Reading Frame 4 from the pull-
down menu.

 As in Step 9, students should summarize 
the variations from the control sequence. 
This time, they should record the variations 
in the right column of Copymaster 2.6 that 
deals with the ORF from Reading Frame 4.

Discussion Questions
1. Does the presence of an ORF within a 

DNA sequence assure that the sequence is 
part of a gene?

 Not necessarily. ORFs can occur in non-
coding areas of the genome. For example, 
sometimes they are found in pseudogenes, 
genes that were active in the evolutionary 
past but have accumulated mutations that 
render them inactive. In general, the longer 
the ORF, the more likely it is to be part of an 
active gene.

2. How can computers be used to test 
whether or not an ORF is part of a gene?

 The sequence of the ORF can be compared 
to all other sequences in a genome database. 
If the ORF sequence exactly matches that 
from a gene-coding region, then the ORF is 
likely part of that gene.

Student Lessons • Lesson 2: Finding Features in the Genetic Landscape
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Overview
In this lesson, students are introduced to the 
BLASTN and BLASTP bioinformatics tools. 
These sequence alignment programs compare 
a given DNA or amino acid sequence to 
those in a genome database to see if similar 
sequences already have been characterized. 
Students discover that their sequence comes 
from part of the gene associated with the rare 
childhood disease ataxia telangiectasia.

Major Concepts
• Computers can be used to compare a DNA 

sequence with those in a database to look 
for similarities.

• BLASTN is a bioinformatics program 
that performs pairwise DNA sequence 

alignments and is commonly used to look 
for sequence similarities.

• BLASTP is a bioinformatics program that 
performs pairwise amino acid sequence 
alignments and is commonly used to look 
for sequence similarities.

• Unknown DNA or protein sequences can 
sometimes be identified by matching them 
to known DNA or protein sequences.

• Some DNA and protein sequences are 
conserved among different species.

Estimated Time
50 minutes

Learning Outcomes 
After completing this lesson, students will

Figure 3.1. Sequence data from model organisms is essential to interpret human sequence data.

Lesson 3

Mining the Genome
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• recognize that computers are essential to 
bioinformatics,

• understand that information about 
unknown DNA and protein sequences can 
be obtained by comparing them to known 
sequences,

• recognize the BLASTN and BLASTP search 
programs as important bioinformatics 
resources,

• discover that some DNA and protein sequ-
ences are conserved through evolution, and

• appreciate that different sequences are 
expected to match over short regions by 
chance alone.

Materials
Copymaster 3.1, The BLAST Search (Make 
   1 copy per student or prepare an overhead 
   transparency.)
Copymaster 3.2, BLAST Searches for OncoX 
   Project (Make 1 copy per student.)
Computers with Internet access

Preparation
Prepare photocopies and/or overhead 
transparencies. Check your Internet connection 
and open the module’s Web site, http://
www.bscs.org/onco.

Introduction
Data from the Human Genome Project (HGP) 
indicate that our genes make up less than 5 
percent of our genome. Furthermore, over 
50 percent of the predicted genes have no 
known function. Scientists participating in 
the HGP recognized that DNA sequence 
data from model organisms was essential 
to interpreting the human DNA sequence. 
Comparative genomics refers to the process of 
learning about human genetics by comparing 
human DNA sequences with those from other 
organisms. For example, a human sequence 
of unknown function can be compared to 
sequences of known function from other 
species. If a similarity is found, it may provide 
a clue as to the function of the unknown 
human sequence. Such predictions are then 
tested experimentally to confirm or refute the 
prediction. 

Scientists using bioinformatics tools often do 
so using the Internet. The Internet provides 
access to a number of nucleic acid and protein 
sequence databases. Data management 
systems such as the National Center for 
Biotechnology Information (NCBI) and the 
European Bioinformatics Institute (EBI) are 
available to all and provide the bioinformatics 
tools necessary to efficiently analyze sequence 
data.

In this lesson, students use computers to obtain 
information about their DNA and amino acid 
sequences. The Basic Local Alignment Search 
Tool (BLAST) is a set of search programs 
designed to locate and classify homologs 
(similar sequences) for a given sequence. The 
BLASTN program searches DNA sequences 
(the N stands for nucleotide), while the 
BLASTP program searches amino acid 
sequences (the P stands for protein). Student 
teams use information from their BLASTN 
and BLASTP searches to identify a gene that 
contains their DNA sequence and to determine 
which reading frame is expressed into amino 
acids. These results help the students provide 
Onconomics with their recommendations for 
future research.

Procedure

Teacher Note
The BLAST searches in this lesson are 
simulated although they are based on 
authentic searches using an actual DNA 
sequence. The process of performing the 
search and the manner in which the results 
are displayed is similar to that of actual 
BLAST searches. The results obtained here 
are scientifically accurate, although we have 
reduced the number of matched sequences 
retrieved by each search. This makes the 
students’ task easier and faster to accomplish 
while preserving the scientific integrity of the 
process. The Information about Bioinformatics 
and the Human Genome Project section explains 
more about BLAST searches and describes 
how their results are reported and interpreted.
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1. Introduce the lesson by asking the class 
how the computer can be used to tell if 
their DNA sequences are part of a human 
gene.

 Answers will vary. Students should mention 
that a computer can be used to compare 
their DNA sequence with those in a genome 
database. If their sequence exactly matches 
part of a known gene, then it is likely that 
their sequence comes from that gene.

2. Explain that each student team will use 
the computer and a sequence alignment 
program called BLASTN to see if the 
OncoX control sequence comes from part 
of a gene and is therefore of potential 
interest to the Onconomics Corporation. 
Pass out to each student a copy of 
Copymaster 3.1, The BLAST Search, which 
explains how the results of the search 
are displayed and interpreted. Instruct 
students to read the copymaster silently. 
Alternatively, you may use an overhead 
transparency to go over the information. 

 An actual BLAST search will list an E value 
rather than a match score. E value refers to 
the expectation value, which is defined as the 
number of possible alignments that match 
as well or better than a reported alignment 
expected by chance alone. The lower the E 
value, the better the match.

3. Pass out to each student a copy of Copy-
master 3.2, BLAST Searches for OncoX 
Project. Explain that they are to use results 

from their BLAST searches to fill out the 
information on the copymaster.

4. Instruct student teams to log on to the 
Onconomics Corporation Web site (http:
//www.bscs.org/onco), and click on the 
link to the Bioinformatics Department. 
Once at the Bioinformatics Department 
page, students will see a menu for 
Bioinformatics Tools. The menu has an 
option for conducting a BLASTN search. 

5. Instruct students to select OncoX Project 
from the BLASTN search pull-down menu.

 You may recall that we began with 11 
different sequences. In the previous lesson, 
Sequences 10 and 11 were resequenced 
and found to be the same as the control 
(Sequence 1). BLASTN searches that use 
the other sequences will produce the same 
results, though the extent of the matches 
will be slightly different. Therefore, all 
students will perform the BLASTN search 
using the control sequence.

6. Explain that by clicking on the sequence 
description of each BLASTN search result, 
students can bring up a page that briefly 
describes what is known about that 
sequence. The actual sequence alignments 
are shown below the matching sequences. 
Students may see exactly what is meant by 
the match scores.

 Information available to students from the 
BLASTN search is provided in Table 3.1. A 
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Results for the OncoX Project BLASTN Search

Sequence Description Query Match

13669 Homo sapiens, ataxia telangiectasia 57 57/57

14927 Homo sapiens, phosphatidylinosital 3-kinase 57 57/57

58392 Mus musculus, chromosome 18 57 46/50

93756 Arabidopsis thaliana, inorganic pyrophosphatase 57 22/23

33142 Drosophila melanogaster 57 21/22

41115 E. coli, Co1N plasmid gene for colicin N 57 19/19

66926 Homo sapiens, fragile X mental retardation syndrome protein 57 18/18

Table 3.1
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match of 57/57 represents a perfect match. A 
match of 46/50 means that a sequence of 50 
bases in the database almost aligns (with the 
exception of 4 bases) with the 57 base query 
sequence. 

 As found on the Web site, here is infor-
mation about the 2 perfectly matching 
sequences:

 Sequence 13669: Homo sapiens, ataxia 
telangiectasia

 Ataxia telangiectasia is a rare childhood 
disease characterized by neurological 
problems, recurrent respiratory infections, 
dilated blood vessels in the eyes and on the 
surface of the skin, and immune system 
deficiencies. Patients are at increased risk for 
developing cancer. There is no known cure 
for the disease and patients are typically 
confined to wheelchairs by their teens. 
The disease is inherited as an autosomal 
recessive disorder. The gene associated with 
ataxia telangiectasia is found on the long 
arm of chromosome 11.

 Sequence 14927: Homo sapiens, phos-
phatidylinosital 3-kinase

 Phosphatidylinosital 3-kinases are enzymes 
that phosphorylate (activate by transferring 
a phosphate group from ATP) a compound 
derived from phosphatidylinosital. 
Phosphatidylinosital is a molecule found 
in cell membranes that signals the cell 
to “do something” after encountering 
specific substances circulating in the 
blood or lymph. Phosphatidylinosital is 
therefore considered a “second messenger” 
because it acts only when acted upon, 
much like a relay race. For example, when 
phosphatidylinosital is activated in muscle 
cells by epinephrine (adrenaline), it causes 
the muscle cell to contract. When it is 
activated in liver cells by epinephrine or 
norepinephrine (noradrenaline), it causes 
the cells to release glucose (sugar). The gene 
coding for this phosphatidylinosital 3-kinase 

is found on the long arm of chromosome 11.

7. After student teams have completed their 
BLASTN searches on the computer and 
filled out Copymaster 3.2, BLAST Searches 
for OncoX Project, reconvene the class to 
discuss their findings. Ask students if their 
BLASTN searches related their sequences 
to any known gene sequences.

 Students will report that their sequences 
were the same or similar to 7 different 
sequences, including some from a variety 
of different species. The 2 exact matches 
(57/57) came from human sequences. One 
match is to a gene associated with the 
childhood disease ataxia telangiectasia. 
The other match is to a gene that encodes 
an enzyme called phosphatidylinosital 3-
kinase. Other matches were less exact and 
were characterized by having stretches of 18 
to 46 bases that were similar to the control 
sequence.

8. Ask the class to recall their results from 
translating the 6 possible reading frames. 
How many of them were ORFs and 
therefore possibly part of an expressed 
gene?

 Students should respond that Reading 
Frames 3 and 4 were both ORFs.

9. Ask the class how they can tell which 
of the 2 ORFs corresponds to the gene 
identified by their BLASTN search.

 Students should recommend performing a 
BLASTP search using the translations for 
each of the 2 ORFs. The BLASTP search 
should indicate that only one of the two 
ORFs corresponds to the gene identified in 
the BLASTN search. 

10. Instruct the student teams to return to 
the Bioinformatics Tools menu and find 
the BLASTP option. Ask the students to 
select OncoX Reading Frame 3 from the 
pull-down menu. After seeing the results 
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of their search, they should return to the 
BLASTP option and select OncoX Reading 
Frame 4.

 Results from the BLASTP search for OncoX 
Reading Frame 3 will not show a significant 
match to any known protein. However, 
results from the BLASTP search for OncoX 
Reading Frame 4 will show the expected 
match to the protein associated with ataxia 
telangiectasia.

Discussion Questions
1. What is the significance of your DNA 

sequence showing an exact match to 2 
human DNA sequences?

 One match is for the mutated gene 
associated with ataxia telangiectasia and 
the other is for the gene encoding the 
enzyme phosphatidylinosital 3-kinase. 
It is reasonable to speculate that the two 
matches correspond to the same gene. This 
is consistent with the fact that both matches 
are located on the long arm of chromosome 
11. This issue is resolved in Lesson 4.

2. Is the fact that your DNA sequence 
matches a portion of the gene associated 
with ataxia telangiectasia a surprising 
result? Why or why not?

 Answers may vary. Some students will 
express surprise that their DNA sequence 
matches a portion of the gene associated 

with ataxia telangiectasia because the 
DNA samples came from cancer patients 
and their immediate families and not from 
patients with ataxia telangiectasia. Other 
students will comment that since ataxia 
telangiectasia patients are also at higher risk 
for developing cancer, the result is not so 
surprising.

3. Why does your DNA sequence show 
similarity to those from other species?

 The close similarity of the human sequence 
to one from the mouse (46 out of 50 bases) 
probably indicates that the mouse sequence 
comes from a gene with the same or similar 
function as that in humans. Other sequences 
that only match stretches of 18 to 22 bases 
of the control sequence likely come from 
genes that have different functions. Studies 
in molecular evolution reveal that there 
are short stretches of DNA sequences that 
encode various protein motifs (or domains). 
These short amino acid domains have 
been shuffled around the genome over the 
course of evolution and can become part of 
different genes, and in the process, acquire 
different functions.

4. Which ORF corresponds to the protein 
associated with ataxia telangiectasia?

 The ORF in Reading Frame 4 corresponds 
to the protein associated with ataxia 
telangiectasia.

Student Lessons • Lesson 3: Mining the Genome
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Figure 4.1. Nancy Wexler used a founder mutation 
among the people of Lake Maracaibo in Venezuela 
to help scientists locate the gene associated with 
Huntington disease.

Overview
In this lesson, students perform a simulated 
Web search to learn about ataxia telangiectasia 
(A-T). They research mutations associated 
with the disease and determine which of 
the OncoX DNA sequences come from 
individuals carrying mutations associated 
with the disorder. Continuing in their roles as 
employees of the Onconomics Corporation, 
they consider reasons for and against the 
company pursuing A-T as a research project.

Major Concepts
• Public and private Web sites can be used to 

obtain medical information.
• DNA polymorphisms are common 

variations found within a DNA sequence. 
Polymorphisms that occur rarely and are 
associated with disease are called mutations. 

• Most DNA polymorphisms are not 
associated with disease.

• Ataxia telangiectasia is a rare genetic 
disorder that first shows symptoms during 
early childhood. It is associated with an 
increased risk for developing cancer. 

• Companies use bioinformatics analysis to 
guide decisions as to which areas of research 
to pursue.

Estimated Time
50–75 minutes

Lesson 4

Genetic Variation
and Disease
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Learning Outcomes
After completing this lesson, students will
• appreciate the utility of Web-based searches 

for obtaining medical information,
• understand that most DNA polymorphisms 

are not associated with disease,
• understand that some DNA polymorphisms 

called mutations occur rarely and are often 
associated with disease,

• become familiar with ataxia telangiectasia, 
and

• recognize the role of bioinformatic analysis 
in guiding research directions.

Materials
Activity 1: What Is Ataxia Telangiectasia?
Copymaster 4.1, Memo from the Research 
   Director (Make 1 copy per student team or 1 
   overhead transparency.)
Copymaster 4.2, OncoX Project Report Form 
   (Make 1 copy per student team.)
Computers with Internet access

Activity 2: Mutation Analysis of the ATM Gene
Copymaster 4.3, Mutation Analysis of the OncoX 
DNA Sequences (Make 1 copy per student 
team.)
Computers with Internet access

Preparation
Prepare photocopies and overhead trans-
parencies. Check your Internet connection and 
open the module’s Web site, 
http://www.bscs.org/onco. 

Introduction
The DNA in the genome represents a dynamic 
system that participates in the processes of 
replication, transcription, splicing, and repair. 
None of these processes operate with perfect 
fidelity. This instability of the genome results 
in the production of heritable changes called 
mutations. Mutations can be of a large scale 
such as the gain or loss of a chromosome or 
they can be of a small scale involving the 
substitution of one type of base for another. 

Small scale mutations can be classified as 
• base substitutions — where usually a single 

base is replaced with one of a different type,
• deletions — where one or more bases are 

removed from a sequence, and 
• insertions — where one or more bases are 

inserted within a sequence.

Coding and noncoding DNA are about 
equally susceptible to mutation. Mutations in 
noncoding DNA generally do not have any 
consequence unless they occur in a sequence 
that regulates the expression of a gene. Base 
substitutions in coding DNA, however, can 
be sorted according to their effect on gene 
expression:
• silent mutations — where the mutation leads 

to a new codon that specifies the same 
amino acid. Often these mutations occur 
in the third base position of the codon. The 
third base position is said to “wobble” since 
replacing it with a different base usually 
results in a new codon that specifies the 
same amino acid.

• nonsense mutations — where the mutation 
replaces a codon that specifies an amino acid 
with a stop codon. Such mutations usually 
result in defective gene expression. Selection 
pressures ensure that they occur relatively 
rarely in the genome.

• missense mutations — where the mutation 
leads to a new codon that specifies a 
different amino acid. If the new amino 
acid is similar to the original one, then it is 
described as a conservative substitution. 
Likewise, a missense mutation that leads 
to the incorporation of an amino acid 
with a dissimilar side chain is called 
a nonconservative substitution. Often, 
conservative substitutions have little effect 
on protein function since the side chains 
of the original and new amino acid are 
functionally similar.

In this lesson, it is important to distinguish 
between polymorphisms and mutations. 
Polymorphisms refer to variations in a DNA 
sequence that are found within a population. 
The term mutation has a negative connotation 
associated with it and it usually is used when 
describing polymorphisms that contribute 
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to disease. Mutations also may be defined 
as DNA polymorphisms that occur rarely 
(in 1 to 2 percent of individuals) within a 
population. Sometimes diseases are associated 
with so-called founder mutations. These refer 
to disease-causing mutations carried by an 
individual or a small number of people among 
the founders of a present day population. For 
example, the high incidence of Huntington 
disease among the people of Lake Maracaibo 
in Venezuela was traced to a founder mutation 
in a sailor who settled there during the 18th 
century. 

This lesson also introduces the use of public 
and private Web searches to obtain medical 
and genetic information. When assessing 
information found on the World Wide Web, it 
is important to consider the source. Some Web 
sites devoted to medical issues may have a 
particular position that they want to promote, 
and consequently, the information they present 
may be biased or even wrong. Web sites 
from government, university, and respected 
foundations are a good place to begin a search 
for reliable medical information. 

Although the data from the Human Genome 
Project is freely available on the Internet, some 
universities and companies choose to pay for 
bioinformatics services. Celera Genomics, 
which also sequenced the human genome, sells 
access to their data and more importantly to 
their bioinformatic tools and analysis. 

Procedure
Activity 1: 
What Is Ataxia Telangiectasia?

Teacher Note
The Web searches used in this lesson are 
simulated. They are intended to reflect 
how medical information is collected from 
both public and private sources. The results 
obtained here are scientifically accurate, 
although we have greatly reduced the 
number of results retrieved by the searches. 
If time permits, you may wish to have the 

class perform a real Web search on ataxia 
telangiectasia using one of the popular search 
engines.

1. Have students form the same teams as 
before. Pass out to each team a copy 
of Copymaster 4.1, Memo from the 
Research Director, and ask them to read 
it. Alternatively, you may read the memo 
from an overhead transparency. Ask the 
class if they have any questions about the 
memo from the research director.

2. Pass out to each team a copy of Copymaster 
4.2, OncoX Project Report Form. Explain 
that they will use the company’s Web site 
to access a public search engine to obtain 
information about ataxia telangiectasia. 
Each team is to use information obtained 
from their Web search to fill out Copy-
master 4.2.

3. Instruct students to log on to the company 
Web site (http://www.bscs.org/onco) and 
to click on the link to the Bioinformatics 
Department. On the Bioinformatics 
Department page is a menu that includes a 
link to a public search engine and another 
link to a private medical database.

 Web sites for private databases may contain 
different collections of DNA and protein 
sequences and also may provide some 
interpretation of the data not available on 
public database sites.

4. Explain that the information needed to 
complete the OncoX Project Report Form 
can be found by using the public search 
engine.  Simply type the words “ataxia 
telangiectasia” in the search box and click 
Submit. 

 The search will provide more information 
about ataxia telangiectasia than is needed to 
complete Copymaster 4.2. Table 4.1 provides 
a completed report form.

Student Lessons • Lesson 4: Genetic Variation and Disease
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Table 4.1

1. What is the difference between a polymorphism and a mutation?
  Polymorphisms refer to variations in a DNA sequence that are found within a population. The 
  term mutation has a negative connotation associated with it and is usually used when describing 
  polymorphisms that contribute to disease. Mutations also may be defined as DNA poly-
  morphisms that occur rarely (in 1 to 2 percent of individuals) within a population.

2. How many genes are associated with A-T? 
  At this time, there is only one known gene associated with ataxia telangiectasia (A-T). A-T genes 
  having mutations associated with the disease are called ATM, where M refers to “mutated.”

3. What chromosome is/are the gene(s) located on? 
  The gene is located on chromosome 11.

4. How is A-T inherited?
  The disease is inherited as an autosomal recessive disorder.

5. Does the gene product(s) have a known function, and if so, describe it.
  The gene associated with ataxia telangiectasia encodes a protein called phosphatidylinosital 3-
  kinase. This enzyme transfers a phosphate group from ATP to a compound derived from 
  phosphatidylinosital. The protein plays roles in detecting damaged DNA, in regulating cellular 
  DNA repair mechanisms, and in the cell cycle.

6. What is the incidence of A-T in the United States?
  Ataxia telangiectasia is a rare disease occurring in both genders and among all ethnic groups. 
  The incidence of A-T is estimated to be between 1 in 40,000 and 1 in 100,000 births. There 
  are probably less than 500 people in the United States with A-T.

7. What are the symptoms of A-T?
  The symptoms of A-T appear during childhood. They include loss of balance and coordination 
  (ataxia) and the appearance of clusters of blood vessels on the whites of the eyes 
  (telangiectasia). Other symptoms include slurred speech, abnormal swallowing, 
  immunodeficiency, and a predisposition to develop cancer.

8. What is the prognosis for someone with A-T?
  The course of the disease varies among individuals. Although most do not survive to adulthood, 
  a few have survived into their 30s.

9. What treatment options are available for someone with A-T?
  At this time, there is no cure or effective treatment for A-T. Patients receive physical and speech 
  therapy to help them achieve their highest level of function. Medications may be taken to help 
  control the extra movements of the arms and legs. Efforts are made to prevent infections and 
  other illnesses.

10. Why are animal models being developed for A-T?
  Because of the ethical concerns of initial drug testing in humans, scientists are studying mice 
  that have a disease similar to A-T. They also are trying to create a primate model using 
  monkeys.

Completed OncoX Project Report Form
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5. After student teams have completed 
Copymaster 4.2, reconvene the class. Based 
on their research, ask the class if and why 
they would recommend that Onconomics 
Corporation should begin research into a 
treatment for ataxia telangiectasia.

 Student answers will vary, though most will 
include the reasons listed in Table 4.2.

Discussion Questions
1. If 2 carriers for ataxia telangiectasia have a 

child, what is the probability that the child 
will inherit the disease?

 There is a 25 percent probability that the 
child will receive a mutated form of the 
A-T gene from each parent and inherit the 
disease. There is a 50 percent probability 
that the child will receive 1 mutated copy 
of the gene and be a carrier for the disease. 
There also is a 25 percent probability that 

the child will inherit 2 unmutated copies 
of the gene and neither have nor carry the 
disease. The following Punnett Square 
illustrates this concept. The designation “E” 
for normal enzyme activity and “e” for the 
mutated form is used.
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2. Why are persons with A-T at increased risk 
for developing cancer?

 Individuals with A-T have a reduced ability 
to repair DNA damage in their cells. Cells 
with damaged DNA are more likely to 
lose control of their growth and become 
cancerous. Even carriers of the mutated 
gene develop cancer at 3 to 5 times the rate 
of persons without any mutations in the A-T 
gene.

Activity 2: 
Mutation Analysis of the ATM Gene

Teacher Note
If necessary, remind the students that the M in 
ATM gene stands for “mutated.”

1. Explain to the class that they need to 
establish whether or not any of the persons 
who donated DNA samples to the OncoX 
Project have, or are carriers for, A-T.

 It is important to determine which, if any, 
individuals have mutations associated with 
A-T for both scientific and ethical reasons. 
If research into A-T is to be initiated, it is 
essential to know which DNA sequences 

Reasons for pursuing research into ataxia 
telangiectasia may include the following:
• It is a devastating disease without effective 

treatment options.
• It may aid in understanding cancer.
• It strikes children.
• Not many companies are interested in it.
• An effective drug would provide good public 

relations.

Reasons for not pursuing research into ataxia 
telangiectasia may include the following:
• The disease does not affect many people.
• Other researchers have a head start.
• A-T research may not help with the 

company’s interest in cancer.
• Onconomics may not have proper informed 

consent to work on A-T.
• A-T research would take resources away 

from other more important projects.

Reasons for and against Onconomics 
Pursuing Research into Ataxia Telangiectasia

Student Lessons • Lesson 4: Genetic Variation and Disease
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are associated with the disease and which 
are not. If some DNA samples come from 
persons who have, or carry, the disease, 
then it raises the issue of whether proper 
informed consent has been granted for this 
research. Is the company under a legal or 
ethical obligation to notify the DNA donors 
of their A-T genotype?

2. Pass out to each student team a copy of 
Copymaster 4.3, Mutation Analysis of the 
OncoX DNA Sequences. Explain that they 
will use the company’s Web site to access 
a private medical database that contains 
information about the molecular biology 
of A-T. Each team is to use information 
from their Web search to establish what 
part of the ATM gene the OncoX sequences 
come from. They also must establish which 
sequences come from unaffected, carrier, 
and affected individuals.

 If necessary, remind the students that 
diseases that are inherited as autosomal 
recessive, such as A-T, require 2 copies of 
the mutated gene to be present. Individuals 
having 1 normal and 1 mutated copy of the 
gene are designated carriers for that disease, 
but are usually unaffected by disease 
symptoms. In the case of AT, carriers do not 
show symptoms of the disease, but they are 
at increased risk for developing cancer.

3. Instruct students to log on to the company 
Web site (http://www.bscs.org/onco) and 
to click on the link to the Bioinformatics 
Department. Explain that information 
needed to complete the tasks assigned in 
Step 2 can be found by performing a search 
using the private medical database.

4. Instruct the class to type “ataxia 
telangiectasia” into the search box of the 
private medical database and click Submit. 
Explain that in order to complete their 
mutation analysis of the ATM gene, they 
must first find out which part of the ATM 
gene the OncoX sequences correspond 
to. Then, they must see if any of the 

polymorphisms in the OncoX sequences 
have been reported to be associated with 
the disease.

 Once again, the search will provide more 
information than is needed to complete the 
mutation analysis of the ATM Gene table. 
Results of this search are shown in Table 4.3. 

1. Chromosome Location of the ATM Gene
 This first link shows where on chromosome 

11 the ATM gene is found.

2. Sequence location within the ATM gene
 This link shows where in the ATM gene 

sequence the OncoX sequences come 
from. The ATM gene is 9,381 bases long. 
The OncoX sequences represent base 
positions 5718–5774 within the ATM 
gene. 

3. DNA-based Testing
 This link describes problems associated 

with DNA-based testing for A-T. It also 
defines founder mutations and explains 
how they are used in diagnosing A-T.

4. Correlation Between Genotype and 
Phenotype

 This link summarizes how mutations in the 
ATM gene correlate with the presence or 
absence of disease symptoms.

5. Founder Mutations in the ATM Gene
 This link provides a table that lists known 

founder mutations for A-T and provides 
their locations within the ATM gene. Each 
mutation listed in the table links to a 
diagram that represents the entire ATM 
gene. The diagram shows the locations 
of the mutations (in yellow) as well as the 
location of the OncoX sequence (in blue). 
Clicking on the OncoX region brings up the 
multiple DNA sequence alignment for the 
11 OncoX sequences. Founder mutations 
in the region, if present, are highlighted in 
green.

Results of Private Medical Database 
Search for Ataxia Telangiectasia

Table 4.3
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5. Explain to the students that by clicking on 
the Founder Mutations in the ATM Gene 
link, they will bring up a table that lists 
mutations known to be associated with 
ataxia telangiectasia. 

     •  To complete their analysis, teams 
         should click on each of the founder 
         origin population links.
     •  Clicking on a population will bring 
         up a diagram of the ATM gene that 
         shows where founder mutations for 
         that population have been reported. 
     •  If any mutation falls within the OncoX
         region of the ATM gene, then students
         should click on the magnifying glass. 
         Doing so will bring up a diagram of 
         the 11 OncoX sequences. Students 
         should examine the sequences to 
         determine which, if any, of the 
         sequences contain the founder 
         mutations.
     •  On Copymaster 4.3, Mutation Analysis
         of the OncoX DNA Sequences, students 
         should record which sequences 
         contain a founder mutation, which 
         population it comes from, and 
         whether those individuals are 
         unaffected, affected, or a carrier  
         of A-T.

 Because the OncoX region of the ATM gene 
is so small, it is magnified in the diagram. 
Only those mutations that fall within base 
numbers 5718–5774 are part of the OncoX 
analysis. This means that only the mutations 
at positions 5730 (African American, 
Sequence 5), 5742 (Puerto Rican, Sequence 
7), 5743 (Italian, Sequence 8), and 5762 
(United Kingdom, no sequence) relate to the 
region of the OncoX sequence.

6. After students have completed their 
mutational analysis of the ATM gene, 
reconvene the class. Ask the class if any 
OncoX donors have or carry A-T.

 Students should have completed 
Copymaster 4.3, Mutation Analysis of 
the OncoX DNA Sequences, as shown in        
Table 4.4.

Discussion Questions
1. Can your mutation analysis conclude that a 

person does or does not carry A-T? Why or 
why not?

 Remember that the OncoX sequences come 
from just a small part of the ATM gene 
(just 57 out of 9,381 bases). If your analysis 
reveals that a known mutation for A-T is 

Mutation Analysis of the OncoX DNA Sequences

OncoX
Sequence

Founder Mutation Present?
(Yes or no; if yes, which population?)

Unaffected 
by A-T

Carrier for 
A-T

Affected 
by A-T

Sequence 1 NO 3

Sequence 2 NO 3

Sequence 3 NO 3

Sequence 4 NO 3

Sequence 5 YES, African American 3

Sequence 6 NO 3

Sequence 7 YES, Puerto Rican 3

Sequence 8 YES, Italian 3

Sequence 9 NO 3

Sequence 10 NO 3

Sequence 11 NO 3

Table 4.4
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in your sequence, then you can reliably 
conclude that that person has A-T (with 2 
copies of the mutation) or carries it (with 
1 copy of the mutation). If you do not find 
a known mutation within your sequence, 
you cannot conclude that that person 
neither has nor carries the disease. There 
may be mutations for the disease that occur 
elsewhere in the gene. Also, it is possible 
that a sequence has one of the many 
nonfounder mutations associated with the 
disease.

2. Why is it important for the Onconomics 
Corporation to know which DNA samples 
come from people who either have or carry 
A-T?

 If the company decides to pursue research 
into A-T, then they will need to have a 
collection of samples from people with and 
without the disease. These samples will help 
company scientists identify which regions 
of the gene are most critical to function, and 

therefore, more likely to be associated with 
disease when mutated. If some samples 
come from people who have or carry 
the disease, then it raises the question of 
whether or not the company is obligated to 
tell them their medical status.

3. Why does the Onconomics Corporation 
consider informed consent to be a potential 
problem for the OncoX samples?

 The company is concerned because the 
DNA samples came from donors who gave 
permission for their samples to be used 
for cancer research. Now that the samples 
may be used for A-T research, it is not clear 
if the original informed consent permits 
this change in research direction. Another 
concern is that the company knows that 
some samples come from people who are 
carriers for A-T. If the company fails to 
disclose this information to the affected 
persons and they have a child born with the 
disease, can the company be held liable? 
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Figure 5.1.

Overview
In this lesson, students assume the roles of 
executives at Onconomics Corporation. A 
woman who has donated a DNA sample used 
in the OncoX Project has written to request that 
she be provided with information about her 
medical status. Students present arguments to 
the Onconomics Board of Trustees as to how 
the company should respond to her request. 
Students consider legal and moral aspects of 

informed consent agreements. An optional 
extension activity explores the concept of 
“dynamic informed consent.” 

Major Concepts
• Ataxia telangiectasia is inherited as an 

autosomal recessive disorder. Individuals 
who are carriers for the disease have an 
increased risk for developing cancer and can 
pass on the trait to their children.

• Informed consent is the ethical practice of 
respecting individual choice and protecting 
an individual from harm.

• Informed consent agreements balance the 
rights of the patient or donor with those of 
the researchers.

• Ethical inquiry involves accumulating and 
evaluating information as well as making 
and analyzing arguments.

• Bioinformatics companies must consider 
the benefits and harms of releasing personal 
genomic data.

Estimated Time
Lesson 5: 50 minutes 
Lesson 5 extension: 50 minutes

Learning Outcomes
In this lesson, students will
• recognize that bioinformatic analysis can 

reveal important information about a 
person’s medical future;

Lesson 5

An Informed
Consent Dilemma
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• appreciate that informed consent 
agreements must address many issues, 
including who has access to genetic 
information, how that information may 
be used, and who may profit from the 
information;

• take and explain a position on whether the 
Onconomics Corporation should provide 
personal genetic information to people who 
donate tissue samples for research purposes; 
and

• gain experience with ethical inquiry in the 
context of informed consent agreements.

Materials
Copymaster 5.1, Letter from Lakisha (Make 1 
   copy per student and/or prepare an 
   overhead transparency.)
Copymaster 5.2, Directions to the Board of 
   Trustees (Make 1 copy for each board 
   member.)
Copymaster 5.3, Onconomics Benefit-Harm 
   Analysis (Make 1 copy for each board 
   member.)
Copymaster 5.4, Analyzing Lakisha’s Request 
   (Make 1 copy per student team.)

Preparation
Prepare photocopies and overhead 
transparencies. 

Introduction
This final lesson provides students with an 
opportunity to apply what they have learned 
during the module to address an ethical 
dilemma. Students are introduced to the skills 
of ethical inquiry as a way to appreciate the 
personal, social, and economic implications 
of access to and use of personal genetic 
information. Bioinformatics raises a number of 
ethical issues such as
• Who should have access to genetic 

information?
• Can gene and amino acid sequences be 

patented?
• Who should share the financial rewards 

from products and services produced using 
genomic data?

• How accurate should genetic tests be before 
they are used?

• Who should receive genetic testing and for 
which traits?

• Who should have access to advances in 
molecular medicine?

• How much of our behavior is determined by 
genes?

• Should bioinformatics be used to “improve” 
the human race?

Human tissue samples are the raw material 
upon which the practice of bioinformatics 
depends. Informed consent agreements 
regarding human tissue samples represent the 
critical interface between those who donate 
samples and those who use them. Informed 
consent agreements must strike a balance 
between the sometimes conflicting interests 
of those involved. If the rights of donors are 
not protected, people may refuse to provide 
researchers with samples. Conversely, if the 
ability of researchers to obtain and use samples 
is severely restricted, then progress will be 
slowed. 

The lesson asks students to consider whether 
individuals who donate samples to companies 
for research purposes should have access 
to their genetic data. Your role is to guide 
students in small and large group settings 
as they gather information, consider what 
position to take, and develop persuasive 
ethical arguments. The goal is to have students 
experience ethical inquiry as a process of 
critical thinking.

An optional lesson extension called GENE 
SECURE allows students to explore a new 
approach to securing donor consent and 
assuring the privacy of genetic information. 

Procedure
1. Explain to the class that for this final lesson 

they have all received promotions and 
are now executives of the Onconomics 
Corporation. The company has decided 
to pursue research into the treatment of 
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ataxia telangiectasia. There are concerns, 
however, about using the OncoX samples 
because donors gave permission for their 
samples to be used for cancer research, not 
for A-T research.

 You may want to display an overhead 
transparency of Copymaster 1.2, Informed 
Consent Form, to remind students of the 
terms of the informed consent agreement. 

2. Pass out to each student a copy of 
Copymaster 5.1, Letter from Lakisha, 
and/or place a transparency of it on the 
overhead. Read aloud Lakisha’s letter and 
the comments from the research director.

 Answer any questions students have about 
the letter from Lakisha and the comments 
from the research director. Be sure that the 
students understand the science issues 
involved. Do not discuss how the company 
should respond to Lakisha’s request.

3. Point out to the class that the informed 
consent form signed by the donors 
included the statement, “We are not 
obligated to provide you with information 
about your sample.” 

 Although this statement is clear, the 
OncoX Project has unexpectedly turned 
up information of direct relevance to 
Lakisha’s medical condition. The company 
faces a dilemma as to whether or not they 
are obligated to inform Lakisha about her 
sample.

4. Explain that as executives of Onconomics 
Corporation, they will recommend to the 
Board of Trustees how the company should 
respond to Lakisha’s request. 

5. Designate 3 or 4 students to assume roles 
as members of the Onconomics Board of 
Trustees and explain that they will make 
the ultimate decision of how the company 
responds to Lakisha’s request.

     •  Pass out to each board member 1 copy 

         of Copymaster 5.2, Directions to 
         the Board of Trustees, and 1 copy of 
         Copymaster 5.3, Onconomics 
         Benefit-Harm Analysis.
     •  Direct the board to convene in an area
         away from the rest of the class and 
         instruct them to prepare to conduct the 
         meeting with the class.

 Do not allow the students serving as board 
members to overhear the discussion by the 
rest of the class. Their decision should only 
rely on the arguments presented to them 
during the board meeting.

6. After the Board of Trustees has gone off 
to work, direct the rest of the students 
to write down one reason why the 
Onconomics Corporation should provide 
Lakisha with information about her 
sample and one reason why the company 
should refuse.

 Allow adequate time for silent reflection and 
writing.

7. Next, divide the class into small teams of 3 
to 4 students. 

     •  Pass out to each group a copy of 
         Copymaster 5.4, Analyzing Lakisha’s 
         Request. 
     •  Direct the teams to spend about 5 
         minutes discussing Lakisha’s request. 
     •  Direct each team to list as many 
         reasons as they can why the company 
         should inform and should not inform 
         Lakisha about her sample. 

 Answers will vary. Make sure that each 
student team attempts to list as many 
reasons as possible for both sides of the 
issue. Table 5.1 (on the following page) lists 
some of the reasons students may suggest.

8. After the student teams have compiled 
their lists of reasons, ask them to put a star 
beside their top reason for telling Lakisha 
about her sample and beside their top 
reason for not telling Lakisha about her 

Student Lessons • Lesson 5: An Informed Consent Dilemma
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sample. Each team should vote whether 
they recommend to tell, or not to tell, 
Lakisha about her sample.

9. Ask the student teams to raise their hands 
if they voted to recommend that the 
company tell Lakisha about her sample. 

     •  If most teams vote the same way, 
         divide students into approximately 
         equal numbers of teams that vote to 
         tell (the “yes” teams) and not to tell 
         (the “no” teams) Lakisha about her 
         sample. 
     •  Instruct each “yes” team to present a 
         different reason to the board.
     •  Instruct each “no” team to present a 
         different reason to the board.

10. Ask the student teams to spend the next 
5 minutes preparing an argument that 
supports their team’s recommendation. 
Direct each team to appoint a spokesperson 
who will present their 

   argument (maximum 2 minutes) during 
   the board meeting. 

11. Bring the members of the Board of Trustees 
back into the room and conduct the 
meeting.

     •  The student serving as chairperson 
         brings the meeting to order and 
         explains its purpose. 
     •  Students representing each of the “yes”
         teams present their arguments.
     •  Students representing each of the “no” 
         teams present their arguments.
     •  During a 10-minute open discussion, 
         board members question the student 
         teams.

12. Members of the board adjourn to the 
hallway to reach their decision.

13. Following their deliberations, members of 
the board return to the classroom and the 
chairperson announces the decision to the 
class.

 Members of the board explain the reasons 
for their decision.

Copymaster 5.4, Analyzing Lakisha’s Request

Reasons for Telling Lakisha about Her Sample Reasons for Not Telling Lakisha about Her 
Sample

•  She has a right to information about herself.
•  Although she signed the informed consent, she 

has the right to change her mind.
•  She can use the information to assess her risk for  

developing cancer.
•  She can use the information to make lifestyle 

decisions to improve her health. 
•  The information may affect her decision to have a 

baby.
•  Other members of her family may be at increased 

risk for developing cancer.
•  Telling her may avoid a lawsuit.
•  Telling her is good public relations.
•  Telling her is the right thing to do.

•  Providing this information would violate the 
informed consent agreement.

•  The information belongs to the company, not to 
her.

•  If she is told about her sample, then everyone else 
will have to be told about their samples.

•  She may be not be able to understand or deal with 
the information.

•  The company is not qualified to provide genetic 
counseling.

•  This is research data, not clinical information.
•  The company does not have a licensed genetic test 

for A-T.
•  There is no treatment for A-T.
•  Lakisha may demand a share in the profits from a 

genetic test or treatment we develop for A-T.

Table 5.1
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Lesson 5
Extension

GENE SECURE

Introduction
Many researchers prefer to use data from 
samples that cannot be traced back to their 
donors. By using such anonymized data, 
researchers are largely spared the work 
associated with obtaining informed consent, 
tracking donors’ files, and providing 
donors with personal medical information. 
A disadvantage to this approach is that 
researchers are unable to obtain additional 
information about the donors. For example, 
researchers may want to go back and reanalyze 
their data from a different perspective, such 
as whether the donors were smokers or ate 
healthy diets.  

Dynamic informed consent is a concept 
pioneered by a company called First Genetic 
Trust. In this approach, donor information is 
kept on file using state-of-the-art computer 
security. Medical data are only released to 
researchers with permission from donors. 
The goal of First Genetic Trust is to relieve 
researchers of the burdens associated with 
informed consent, while at the same time, 
giving them the ability to communicate with 
donors as the need arises.

In this lesson extension, students maintain 
their roles as executives of the Onconomics 
Corporation. They are asked to consider 
whether to hire a fictitious company called 
GENE SECURE that uses dynamic informed 
consent. Students gather information, take a 
position, and defend it in a manner similar to 
that in Lesson 5, An Informed Consent Dilemma.

Estimated Time
50 minutes

Materials
Copymaster 5.5, GENE SECURE Brochure 
   (Make 1 copy per student team and/or 
   prepare an overhead transparency.)
Copymaster 5.6, Reasons for and against 
   Contracting with GENE SECURE (Make 
   1 copy per student team and prepare an 
   overhead transparency.)
Copymaster 5.7, Memo from Corporate Law 
   Office (Make 1 copy per student team and/or 
   prepare an overhead transparency.)

Preparation
Prepare photocopies and overhead 
transparencies. 

Procedure
1. Explain that Onconomics Corporation 

is considering paying a fee to another 
company, GENE SECURE, that would 
collect and store DNA samples as well as 
handle all informed consent issues. 

 The company, First Genetic Trust, described 
in the introduction to this lesson, is a real 
company. The lesson, however, refers to a 
fictitious company called GENE SECURE 
that is loosely based on First Genetic Trust.

2. Divide the class into teams of 3 to 4 
students each. Explain that each team will 
read information about GENE SECURE 
and list advantages and disadvantages for 
paying for their services.

3. Pass out 1 copy of Copymaster 5.5, GENE 
SECURE Brochure, and Copymaster 5.6, 
Reasons for and against Contracting with 
GENE SECURE, to each student team. 
Instruct the teams to read the GENE 
SECURE brochure and to list reasons for 
and against hiring them. 

 One student should serve as recorder as 
team members share their initial ideas. 

Student Lessons • Lesson 5: An Informed Consent Dilemma
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4.  Ask teams to discuss each of their initial 
ideas and then to compile a list of the 
top 3 advantages and disadvantages of 
contracting with GENE SECURE.

 Each team should list their agreed upon 
reasons for or against contracting with 
GENE SECURE on Copymaster 5.6, Reasons 
for and against Contracting with GENE 
SECURE.

5.  Explain to the class that the executive 
committee requested that the Onconomics 
Corporate Law Office identify potential 
problems caused by contracting with 
GENE SECURE. Give the students a copy 
of Copymaster 5.7, Memo from Corporate 
Law Office, and ask them to read it.

6.  After students have read the memo, ask 
them to discuss it with their other team 
members. If desired, each team should 
revise their list of reasons for and against 
contracting with GENE SECURE.

 The memo may raise some concerns that 
students did not consider. The GENE 
SECURE brochure and the memo from the 
corporate office are designed to include 
the most important reasons for and against 
contracting with GENE SECURE.

7.  Once student teams have revised their list 
of reasons, reconvene the class and explain 
that you want the class to reach agreement 
on the top 3 reasons for and against 
contracting with GENE SECURE. Once the 
lists are agreed upon, the class will vote to 
either contract with GENE SECURE or not.

8.  Place a transparency of Copymaster 5.6, 
Reasons for and against Contracting with 
GENE SECURE, on an overhead projector. 
Ask someone from each team to report 
their reasons for and against contracting 
with GENE SECURE.

 When the first team reports their reasons, 
write them on the transparency. As the rest 

of the teams report, continue to add any 
previously unmentioned reasons to the lists.

9. After each team has reported their reasons, 
ask the class to decide which are the top 3 
reasons for and against contracting with 
GENE SECURE.

 Allow a few minutes for discussion. Some 
reasons may be similar to each other, and 
with a little editing, can be combined into 
1 reason. If necessary, allow the students to 
vote for their top 3 reasons.

10.  Explain that it is now time for the 
committee to decide whether or not to 
contract with GENE SECURE. By a show 
of hands, ask the class how many students 
think that the company should contract 
with GENE SECURE. Once the vote is 
concluded, ask the class to explain which 
argument or reason they found to be the 
most persuasive.

 If the vote ends in a tie, you may wish to 
allow a spokesperson from each side to 
summarize their point of view and vote 
again until the tie is broken. Alternatively, 
you can cast the deciding vote. The reality 
of the corporate world is that decisions are 
often made by a single person (a company 
president perhaps) after obtaining input 
from other members of the staff.

Optional Evaluation Activity
The editor of the Onconomics Corporation 
newsletter has requested submission of a short 
article describing how the OncoX Project led 
to research on ataxia telangiectasia. The editor 
also wants the article to include a discussion 
about dynamic informed consent. 

Points addressed in their articles may include 
the following:
• Long DNA sequences are assembled from a 

series of shorter, overlapping fragments.
• Computers are essential to bioinformatics 

analysis.
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• The genetic code is read in groups of 3 
bases.

• Open reading frames (ORFs) may suggest 
the presence of a gene.

• A BLAST search can provide clues to an 
unknown gene’s function.

• Most DNA polymorphisms are not 
associated with disease.

• Ataxia telangiectasia is associated with an 
increased risk for developing cancer.

• Dynamic informed consent attempts to 

balance the rights of patients or donors with 
those of the researchers and can facilitate 
the ability of a company to change research 
direction.

Students may hold different opinions about 
bioinformatics, but their views must be 
consistent with the science described above. 
Assess the students’ writing skills, their ability 
to convey the science content, and the clarity of 
their ideas.

Student Lessons • Lesson 5: An Informed Consent Dilemma
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Copymaster 1.1

Memo from the Research Director

MEMO

To:  Members of the Bioinformatics Department

From:  Research Director

About: Sequence assembly and OncoX Project

As you know, our OncoX drug will be entering clinical trials soon. We must carefully design the 
trials to provide the maximum amount of data regarding which types of cancer OncoX is most 
effective treating.

Our Sequencing Department will be sending you raw sequence data for assembly and analysis. 
These DNA sequences come from cancer patients and members of their immediate families who 
have agreed to help us in our efforts. Also included is a control sequence from a healthy individual 
who does not have cancer in his or her family. The samples can be linked with identifiable 
information. Please review the attached sample informed consent form.

Each lab team will analyze the DNA sequence from a different individual. All lab teams will be 
provided with DNA sequences from the same region of the genome. Your assignment for Phase 1 of 
the analysis is listed below. Work carefully! Mistakes can be costly.

Phase 1 lab team assignments:
•  Assemble the complete DNA sequence.
•  Compare sequences with other lab teams.
•  Consider whether sequence differences are genetic polymorphisms or result from errors in 

sequencing.
•  Consider whether the informed consent form signed by the donors provides adequate  
     protection to the individual and to Onconomics.

Lesson 1: Assembling DNA Sequences
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Copymaster 1.2

Informed Consent Form

Informed Consent Form

You have been asked to participate in a study that will assess the effectiveness of a new drug 
(OncoX) in treating various types of cancer. Participation will require that you make a single blood 
donation. The study is being carried out by the Onconomics Corporation under the direction of Dr. 
Richard Welby.

Your participation will require you to donate about two tablespoons worth of blood obtained by 
a needle stick to a vein in your arm. The risk of adverse effects from this procedure is minimal. 
A needle stick to the arm may result in a bruise and slight discomfort. These side effects subside 
within a day or two. No serious side effects are expected. 

This study should not be confused with genetic testing. We are not obligated to provide you with 
information about your sample. The identity of your sample will be known only to designated 
staff and among its research collaborators. Your participation does not entitle you to financial 
compensation. If you choose not to participate in this study, it will in no way compromise your 
medical treatment.

To participate in this study, please sign the form below together with a witness.

If you have questions about this study, please contact Dr. Richard Welby at 555-1234.

Participant signature      Date: 

Witness signature      Date:
 

Study Director signature       Date: 

Lesson 1: Assembling DNA Sequences
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Lesson 1: Assembling DNA Sequences

Copymaster 1.3a

DNA Sequences for Contig Assembly

1. 5’ TTGATTCATGATAT 3’ 

 5’ ATATTTTACTCCAAGATACAAATGAATCAT 3’  

 5’ ATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAAATGAGG 5’  

 3’ ATGAGGTTCTATGTTTACTTAGTACCTCTTTAGAC 5’

 3’ AGACGAAAGA 5’

2. 5’ TTGATTCATGATATTTTACT 3’

 5’ TTACTACAAGATACAAATGAA 3’  

 5’ ATGAATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAAATGATGTTC 5’  

 3’ TGTTCTATGTTTACTTAGTACCTCTTTA 5’   

 3’ TTTAGACGAAAGA 5’

3. 5’ TTGATTCATG 3’  

 5’ CATGATATTTTACTCCAAGATAC 3’  

 5’ GATACAAATGAATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAA 5’  

 3’ TAAAATGAGGTTCTATGTTTACTTAGTAC 5’  

 3’ GTACCTCTTTAGACGAAAGA 5’
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Copymaster 1.3b

DNA Sequences for Contig Assembly

Lesson 1: Assembling DNA Sequences

4. 5’ TTGATTCATGATATTTTACTCCAA 3’  

 5’ CCAAGACACAAATGAATCAT 3’  

 5’ ATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTA 5’ 

 3’ ACTATAAAATGAGGTTCTGTGTTT 5’  

 3’ TGTTTACTTAGTACCTCTTTAGACGAAAGA 5’

5. 5’ TTGATTCATGATA/CTTTT 3’  

 5’ A/CTTTTACTCCAAGATACAAATGAAT 3’  

 5’ GAATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTAT/GAAAATGAGG 5’  

 3’ GAGGTTCTATGTTTACTTAGTACCTCTTTA 5’  

 3’ TTTAGACGAAAGA 5’

6. 5’ TTGATTCATGATATTTTACTTCAAGATAC 3’

 5’ ATACAAATGAATCATGGAGAAATCTG 3’

 5’ TCTGCTTTCT 3’

 3’ AACTAAGTACTATAAAATGAAGTTCT 5’  

 3’ GTTCTATGTTTACTTAGTACCTCT 5’  

 3’ CTCTTTAGACGAAAGA 5’
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Lesson 1: Assembling DNA Sequences

Copymaster 1.3c

DNA Sequences for Contig Assembly

7. 5’ TTGATTCATGATATTTTACT 3’

 5’ TACTCCAAG/AATACAAATGAATCATG 3’ 

 5’ CATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAAATGAGGT 5’  

 3’ AGGTTC/TTATGTTTACTTAGTACCTCT 5’ 

 3’ CTCTTTAGACGAAAGA 5’

8. 5’ TTGATTCATGATATTTT 3’ 

 5’ TTTTACTCCAAGA/TTACAAATGAATCAT 3’  

 5’ ATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAA 5’  

 3’ TAAAATGAGGTTCT/AATGTTTACTT 5’  

 3’ ACTTAGTACCTCTTTAGACGAAAGA 5’

9. 5’ TTGATTCATGATA 3’  

 5’ GATATTTTACTTCAAGACACAAATGAATCATGG 3’   

 5’ CATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTATAAAATGAAGTT 5’ 

 3’ AGTTCTGTGTTTACTTAGTACCTCTT 5’ 

 3’ CCTCTTTAGACGAAAGA 5’
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Copymaster 1.3d

DNA Sequences for Contig Assembly

Lesson 1: Assembling DNA Sequences

10. 5’ TTGATTCATGAT 3’  

 5’ TGATATTTTANTCCAAGATACAAATGAA 3’  

 5’ TGAATCATGGAGAAATCTGCTTTCT 3’

 3’ AACTAAGTACTAT 5’ 

 3’ CTATAAAATNAGGTTCT 5’  

 3’ TTCTATGTTTACTTAGTACCTCTTTAGACGAAAGA 5’

11. 5’ TTGATTCATGATATT 3’  

 5’ ATATTTTACTCCAAGATACAAATGAATCATNN 3’ 

 5’ ATNNNGAAATCTGCTTTCT 3’
     
 3’ AACTAAGTACT 5’

 3’ TACTATAAAATGAGGTTCTATGT 5’

 3’ ATGTTTACTTAGTANNNCTTTAGACGAAAGA 5’
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Copymaster 2.4

OncoX Electropherogram Analysis

1. Access and review the raw DNA sequence data sent over by the Sequencing Department. 
 The DNA sequence data is presented in the form of an electropherogram. On your 
 computer, 
 • go to the Onconomics Web site: http://www.bscs.org/onco
 • click on Sequencing Department
 • click on Sequencing Protocols
 • scroll down the page to examine the three sample electropherograms

 How is each base represented on an electropherogram?

 How does the electropherogram of a heterozygous individual differ from that of a
 homozygous individual?

 How is a base that cannot be accurately identified on an electropherogram indicated? 

2. Return to Sequencing Department
 • click on OncoX Project
 • click on your assigned DNA sequence
 • compare your sequence copied during Lesson 1 with the electropherogram
 • if your sequence is labeled as tentative, click on the New Data link to retrieve confirmed 
    sequence data

3. Record the confirmed DNA sequence for your sample below.

Lesson 2: Finding Features in the Genetic Landscape
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Lesson 2: Finding Features in the Genetic Landscape

Copymaster 2.5

OncoX Multiple DNA Sequence Alignment 

1. Use the multiple DNA sequence alignment to compare the entire set of OncoX DNA 
 sequences. On your computer,
 • click on the Bioinformatics Department
 • select OncoX Project from the pull-down menu next to the Multiple DNA Sequence 
     Alignment option

2. Summarize the differences between each DNA sequence and the control sequence. For 
 example, Sequence 2 has an “A” at position 21 while the control sequence has a “C” at that 
 position. If no differences exist, record “same as control sequence.”

Control DNA Sequence

  10          20        30         40         50
5’ TTGATTCATG|ATATTTTACT|CCAAGATACA|AATGAATCAT|GGAGAAATCT|GCTTTCT 3’

Sequence 1 

Sequence 2 

Sequence 3 

Sequence 4 

Sequence 5 

Sequence 6 

Sequence 7 

Sequence 8 

Sequence 9 

Sequence 10 

Sequence 11 
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Copymaster 2.6

OncoX Multiple Amino Acid Sequence Alignment 

1. Use the multiple amino acid sequence alignment to compare the entire set of OncoX amino 
 acid sequences for each open reading frame. On your computer,
 • return to Bioinformatics Department
 • select OncoX Project Reading Frame 3 from the pull-down menu next to the Multiple 
     Amino Acid Sequence Alignment option

2. Summarize the differences between each amino acid sequence and the control sequence for 
 Reading Frame 3. For example, in the ORF from Reading Frame 3, Sequence 2 has a “V” at 
 position 12 while the control sequence has a “G” at that position.

3. Repeat the steps above, selecting Reading Frame 4 to complete your analysis.

Control Amino Acid Sequence     Control Amino Acid Sequence
Reading Frame 3      Reading Frame 4

5’ KADFSMIHLY LGVKYHES 3’    5’ LIHDILLQDT NESWRNLLS 3’ 

Sequence 1        Sequence 1 

Sequence 2        Sequence 2 

Sequence 3         Sequence 3 

Sequence 4         Sequence 4 

Sequence 5         Sequence 5 

Sequence 6        Sequence 6 

Sequence 7        Sequence 7 

Sequence 8         Sequence 8 

Sequence 9        Sequence 9 

Sequence 10        Sequence 10 

Sequence 11        Sequence 11

Lesson 2: Finding Features in the Genetic Landscape
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Lesson 3: Mining the Genome

Copymaster 3.1

The BLAST Search 

Introduction
BLAST is short for Basic Local Alignment Search Tool. The N in BLASTN stands for nucleotide 
while the P in BLASTP stands for protein. This means that nucleotide sequences or amino acid 
sequences can be compared depending on which search tool is used.

Procedure
To perform a BLAST search, select a nucleotide or amino acid sequence from the pull-down menu 
next to either the BLASTN or BLASTP search tool. The program compares the input sequence with 
those in the database. It provides a list of sequences that most closely match the input sequence, 
which is called the query.

Results
If the database contains any sequences that perfectly match the query sequence, then they are listed 
first. Other matching sequences are listed in decreasing order of similarity. Results from a BLASTN 
search are displayed as in the example below. BLASTP results are displayed in a similar manner.

Sequence Description   Query  Match
143579 Homo sapiens, hexokinase    50  20/20

Sequence This is a unique number used to identify the DNA sequence.

Description This indicates what species the sequence comes from. It also indicates if the sequence
  is part of a gene. In the example above, the sequence is human and from the gene 
  encoding the enzyme hexokinase.

Query  This indicates how many bases are in the input sequence.

Match  This is a ratio that expresses how many bases match the query sequence and out of 
  that stretch how many bases match perfectly. In the example above, the input 
  sequence is 50 bases long. The matching region stretches for 20 bases, of which all 20 
  bases match exactly. Even though 20 bases match exactly, 30 bases do not. This 
  would not be considered a significant match. A perfect match in this example would 
  be expressed as 50/50.
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Lesson 3: Mining the Genome

Copymaster 3.2

BLAST Searches for OncoX Project

Perform a BLASTN search to see if the control OncoX sequence comes from part of a gene and is 
therefore of potential interest to Onconomics Corporation. 

 • Go to the company Web site: http://www.bscs.org/onco
 • Go to Bioinformatics Department
 • Select OncoX Project from the pull-down menu next to BLASTN

Number of bases in input sequence (query)

Describe the sequence(s) that perfectly match your input sequence in the space below. Include the 
match score.

In what other organisms are similar DNA sequences found? 

Perform a BLASTP search to determine which of the two ORFs corresponds to the gene 
identified in the BLASTN search. 

 • Select OncoX Reading Frame 3 from the pull-down menu next to BLASTP
 • Return to BLASTP
 • Select OncoX Reading Frame 4 from the pull-down menu next to BLASTP

Which ORF corresponds to the gene(s) identified in the BLASTN search and why?
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Lesson 4: Genetic Variation and Disease

Copymaster 4.1

Memo from the Research Director 

MEMO

To:  Members of the Bioinformatics Department

From:  Research Director

About: Ataxia telangiectasia gene

I would like to congratulate you all for your thorough analysis of the DNA sequences associated 
with the OncoX Project. The link between cancer and ataxia telangiectasia is of potential interest to 
the company.

As you know, Onconomics Corporation will hold its Board of Trustees meeting in two weeks. I will 
summarize the progress of our research for the board, including the OncoX project. I also will make 
recommendations as to which areas of research to focus on.

To help me prepare for the meeting, I would like the Bioinformatics Department to compile infor-
mation about ataxia telangiectasia and to provide me with your unofficial recommendation as to 
whether or not the company should begin research on this genetic disorder.

If we choose to work on ataxia telangiectasia, there may be some legal and/or ethical issues to 
consider as well. The people who contributed tissue samples did so with the expectation that their 
DNA samples would be used in testing a cancer drug. By using these samples for a different line of 
research, we may require a new informed consent agreement. Furthermore, we may find that some 
of the individuals who donated samples may either have, or more likely, are carriers for ataxia 
telangiectasia. With this in mind, I also ask you to summarize the genotype status for ataxia 
telangiectasia for each of your DNA sequences. I have provided report forms to guide your work.
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Lesson 4: Genetic Variation and Disease

Copymaster 4.2

OncoX Project Report Form 

Use the company’s Web site to access a public search engine to obtain information about ataxia 
telangiectasia. 

 • Go to the company Web site: http://www.bscs.org/onco 
 • Go to Bioinformatics Department
 • Type “ataxia telangiectasia” into the Public Search Engine
 • Click on Submit

1.      What is the difference between a polymorphism and a mutation?

2.      How many genes are associated with A-T?

3.      What chromosome is/are the gene(s) located on?

4.      How is A-T inherited?

5.      Does the gene product(s) have a known function, and if so, describe it.

6.      What is the incidence of A-T in the United States?

7.      What are the symptoms of A-T?

8.      What is the prognosis for someone with A-T?

9.      What treatment options are available for someone with A-T?

10.    Why are animal models being developed for A-T?
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Lesson 4: Genetic Variation and Disease

Copymaster 4.3

Mutation Analysis of the OncoX DNA Sequences 

Use the company’s Web site to access a private medical database to perform a mutation analysis 
of the OncoX DNA sequences for ataxia telangiectasia.

 • Go to the company Web site: http://www.bscs.org/onco 
 • Go to Bioinformatics Department
 • Type in “ataxia telangiectasia” into the Private Medical Database
 • Click on Submit

Consider the following questions as you complete your analysis: Can your analysis conclude 
that a person does or does not carry A-T? Why does the company need to know if the donors 
have A-T or carry A-T?  Why is informed consent a potential problem for the OncoX samples?

OncoX
Sequence

Founder Mutation Present?
(Yes or no; if yes, which population?)

Unaffected 
by A-T

Carrier for 
A-T

Affected 
by A-T

Sequence 1

Sequence 2

Sequence 3

Sequence 4

Sequence 5

Sequence 6

Sequence 7

Sequence 8

Sequence 9

Sequence 10

Sequence 11
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Lesson 5: An Informed Consent Dilemma

Copymaster 5.1

Letter from Lakisha 

Dear Sir or Madam:

My name is Lakisha Williams. While I was being treated for breast 

cancer at Memorial Hospital, I was asked to donate a tissue sample 

to the Onconomics Corporation. I was told that my sample would be 

used as part of a research project testing cancer drugs.

Now that my treatments are over and I am cancer free, my husband 

and I want to start a family. I am afraid that I might pass on 

cancer to my baby. Can you tell me what you have learned about my 

sample? Do I have anything to worry about?

Sincerely,

Lakisha Williams
Lakisha Williams

Comments from the research director:

We have looked into Ms. Williams’s request. The sequencing department 
has determined that she donated OncoX DNA Sequence 5. Her sequence 
analysis reveals that she is a carrier for A-T. This means that if her 
husband is also a carrier for A-T, then their child would have a 25 
percent chance of having the disease. Even if her husband is not a 
carrier for A-T, their child has a 50 percent chance of inheriting the 
mutation and being an A-T carrier. A-T carriers, like Ms. Williams, are 
at a higher risk for developing cancer than the general population.
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Lesson 5: An Informed Consent Dilemma

Copymaster 5.2

Directions to the Board of Trustees 

As a member of the Onconomics Board of Trustees, you will help make the final decision whether 
or not to tell Lakisha about her sample. As a board member, your first concern is to protect the 
corporation. However, your most important responsibility during the meeting is to remain impartial 
while listening to the arguments presented. This will enable you to make the best decision for 
Onconomics. Your tasks are the following:

 1.   Elect a chairperson who will conduct the meeting.
 2.   Review the meeting agenda.
 3.   Prepare questions to ask during the meeting.

In preparing your questions, keep in mind the following:

 • What are the potential benefits and harms to Onconomics if we tell Lakisha about her 
     sample? 
 • What are the potential benefits and harms to Onconomics if we do not tell Lakisha about her
     sample?
 • What are the legal and moral implications of telling Lakisha about her sample?
 • What legal rights does Lakisha have in getting this information?

Board Meeting Agenda

 • Welcome your classmates to the meeting.
 • Explain that the purpose of the meeting is to decide whether or not Onconomics 
     Corporation will tell Lakisha about her sample.
 • Request opening 2-minute statements from each of the “yes” teams and listen carefully, 
     taking notes when appropriate.
 • Request opening statements from each of the “no” teams and listen carefully, taking notes 
     when appropriate.
 • Conduct an open 10-minute discussion during which time the teams can respond to your 
     questions. Avoid favoring one side or the other.
 • Adjourn to another room or the hallway to make your decision.
 • Present your decision and your reasons to your classmates.
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Copymaster 5.3

Onconomics Benefit–Harm Analysis  

CONFIDENTIAL

Lesson 5: An Informed Consent Dilemma

Benefits to Onconomics If We Tell Lakisha 
about Her Sample

Benefits to Onconomics If We Do Not Tell 
Lakisha about Her Sample

Harms to Onconomics If We Tell Lakisha 
about Her Sample

Harms to Onconomics If We Do Not Tell 
Lakisha about Her Sample
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Lesson 5: An Informed Consent Dilemma

Copymaster 5.4

Analyzing Lakisha’s Request  

CONFIDENTIAL
Reasons for Telling Lakisha 

about Her Sample
Reasons for Not Telling Lakisha 

about Her Sample
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Copymaster 5.5

GENE SECURE Brochure  

Lesson 5: An Informed Consent Dilemma

Are You Uninformed about 
Informed Consent?

Let GENE SECURE protect your 
genetic data, obtain informed 
consent, and let you focus on 
research!
    

GENE SECURE uses a process called dynamic informed consent to give you the 
flexibility to go where your research takes you, without worrying about genetic 
security and informed consent issues. The advantages of GENE SECURE’s dynamic 
informed consent include

 1.  Access to a large database of DNA samples and medical files using a 
      high speed Internet connection.

 2.  Bioinformatic tools to aid your sequence analyses.

 3.  First rate security.
  • Six independent firewalls.
  • Every entry is individually encrypted.

 4.  Donors specify how their information is to be used.

 5.  Donors can be contacted (by GENE SECURE) to 
  • inform them of new treatments,
  • ask them questions, or
  • obtain additional permissions.

 6.  This system is accepted by appropriate government agencies as well as 
      their European counterparts.

Contact us at 555-2121 or 
visit our Web site http://www.genesecure.com



110
Copyright © 2003 by BSCS. Permission granted to reproduce for classroom use.

111
Copyright © 2003 by BSCS. Permission granted to reproduce for classroom use.

Lesson 5: An Informed Consent Dilemma

Copymaster 5.6

Reasons for and against Contracting with 
GENE SECURE 

In Favor of Contracting With Against Contracting With

Initial
Reasons

Top 3
Reasons

Revised
Top 3

Reasons
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Copymaster 5.7

Memo from Corporate Law Office 

Lesson 5: An Informed Consent Dilemma

MEMO

To:  Executive Committee

From:  Corporate Law Office

About: Contracting with GENE SECURE

In response to a request from the executive committee, we have looked into the impact of 
contracting with GENE SECURE to handle our genetic database and informed consent issues. We 
were asked to bring to the committee’s attention any problems that might arise by contracting with 
GENE SECURE. The areas of concern we have identified are the following:

1.  Contracting with GENE SECURE will cost us money.
2.  The concept of dynamic informed consent is new and unproven. We do not know how well it   
     will stand up to legal challenges.
3.  We are depending on GENE SECURE to protect our corporate security.
4.  Donors will be entitled to knowledge about their samples. This has a number of implications,   
     including the following:
 • Information may not be safe—there are no absolute guarantees.
 • We may be flooded with constant requests for information.
 • Most of the information we have is incomplete and will not be understood by the public.
 • Released information may alert our competitors to our research aims and progress.
 • Donors may feel entitled to share in royalties earned by successful drugs.
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