PCR Polymerase Chain Reaction
Making Copies
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Course Advanced Biotechnology
Unit
DNA Analysis
Essential
Question
What is PCR and how is it used in biotechnology?
TEKS
130.364 1A-K,
2F, 2G, 7H, 9A,
9F
TAKS
Science 1A, 2A,
2B, 2C, 2D
Prior Student DNA structure, micropipette use, electrophoresis
Estimated time Full activity: 4 hours


Rationale
Sometimes called "molecular photocopying," the polymerase chain 
reaction (PCR) is a fast and inexpensive technique used to 
"amplify" - copy - small segments of DNA. Because significant 
amounts of  DNA are necessary for molecular and genetic analyses, 
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 pieces of DNA are nearly impossible without PCR 
amplification.

Often heralded as one of the most important scientific advances in 
molecular biology, PCR revolutionized the study of DNA to such an 
extent that its creator, Kary B. Mullis, was awarded the Nobel Prize for 
Chemistry in 1993.

(Polymerase chain reaction. (2011, May 16). In Wikipedia, The Free Encyclopedia. Retrieved 16:22, May 23, 2011, from http://en.wikipedia.org/w/index.php?title=Polymerase_chain_reaction&oldid=429342390)




[image: image8.png]Lesson 1: Setting up the PCR Reactions

1. Label 5 PCR tubes CS, A, B, C, or D, and
include your group name or intials as well
Place each PCR tube into a capless micro
centrifuge tube in the foam float on ice

2. Using the chart below as a guide, transfer
20 jl of the appropriate template DNA into
the correctly labeled tube. Important: use a
fresh aerosol barrier pipet tip for each
DNA sample.

Label PCRtubes_|

J V)

U
PCRtube

7 0

Capless
‘tube

AJdDNA template | Add Master mix + primers

©5 + your nals
A+ yourinitals
B+ your initals
€+ your s
D+ your s

il Crime Scene DNA
I Suspect A DNA
I Suspect BDNA
I Suspect C DNA
I Suspect D DNA

3. Transfer 20 il of the blue MMP (master mix +
primers) into each of the 5 PCR tubes
containing template DNA. Pipet up and down
tomix. Cap each tube after adding blue
MMP. Important: use a fresh aerosol
barrier pipet tip each time. Immediately
cap each tube after adding MMP.

4. Place your capped PCR tubes in their adaptors
onice.

5. When instructed to do so, place your tubes in
the thermal cycler. Your instructor will program
the themal cycler for PCR

MM (blu)
MM (i)
MM (olu)
MM (olu)
MM (olu)

: v

Master mix +
primers
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Objectives
Student will be able to:
•
List and describe the three steps used in Polymerase Chain Reaction and explain how repeating these three steps amplify DNA exponentially.

•
Perform a PCR reaction.

•
Describe how an agarose gel separates DNA fragments according to size.
•
Explain how differences in DNA sequence result in different patterns of bands on a DNA electrophoresis gel.

•
Analyze banding patterns for similarities and differences among individuals.

•
Explain how short tandem repeats (STR’s) are analyzed to determine a person’s genotype.
KEY POINTS
•
See Power Point for Lesson 2 Objective 2.2

ENGAGE
PCR Music Video: http://www.cnpg.com/video/flatfiles/539/
1.  Have the music video playing at the beginning of class while students are getting settled. Handout the song lyrics.

2.  (In preparation, print out one page for every six students. Then cut the paper into six strips. Each student will get their own strip of lyrics for their reference.)

3.  Play the video again and they can sing along!

4.  Point out the Polymerase Chain Reaction (PCR) machine in the lab as a similar machine shown in the video. Tell the students that they will be using this machine during their lab.
[image: image10.png]Lesson 2: Electrophoresis of PCR
Products

1. Set up your gel electrophoresis equipment as
instructed

2. Obtain your 5 PCR tubes from the previous
lesson. Place your PCR tubes in capless
tubes and puise-spin in a balanced
microcentrifuge for a few seconds to collect
allliquid to the bottom of the tube.

3. Transfer 10 il of Orange G loading dye (from
the tube labeled 'LD) into each of your PCR Centrifuge
tubes. Pipet up and down to mix, and
puise-spin to collect liquid in the bottom of the
tube.

4. Place an agarose gel in the electrophoresis
apparatus. Check that the wells of the:
agarose gel are near the black (-) electrode
and the base of the gelis near the red (+)
electrode.

5. Fill the electrophoresis chamber with enough
1x TAE buffer to cover the gel. This will
require ~275 mi of 1x TAE buffer.

6. Using a clean tip for each sample, load 20 i
ofthe samples into 6 wells of the gel in the
following order:

Lane ‘sample Load volume
Allele Lacder
Crime Scene
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Let students set up a mock crime scene
Thermocyclers are VERY expensive! If you do not have access to one, perform the virtual lab instead

Setting the Crime Scene:
Dim the lights and set the scene for the lab activity:
Scene:
The
Highway
Motel,
#1
Dark

Highway,
Nowhere

The
motel
manager
hears
loud
voices,
a woman
screams,
and
a
shot
rings
out.
The manager
runs
to
the
window
in
time
to
see the
receding
lights
of
a
car
leaving
in
a hurry.
The

door

to
room
#
13
hangs
open. The
manager
runs
to
the
open
door,
to
see a
man
lying
face
down
in
a
pool
of
blood. He
calls
911.
The
police
arrive,
and

begin
to
examine
the
crime
scene.
An apparent
homicide,
but
with
no
obvious clues
as
to
who
committed
the
crime.

Let’s
investigate
the
samples
left
at
the scene…..

Activity
1.  Pre-Lab Activities: Several pr e-lab activities are listed below. A ll of t he activities will introduce students to PCR. Chose one or all of them based on time and the level of your students.

o
PCR Scavenger Hunt
o
PCR Cycle Sketch
o
PCR Virtual Lab

2.  LAB Activity: BioRad Biotechnology Explorer Crime Scene Investigator
PCR Basics Kit (Cat No. 166-2600EDU)
This kit comes with an excellent instructor’s manual.

o
The student lab instructions an d lab questions have been extracted for easier printing and titled.

o
The full instructors manual can be downloaded at bi orad.com ( see
Materials Section for link).

Teacher NOTE: There are several kits that may be purchased from your science supply company and substituted for the lab chosen for this lesson. Other PCR kits have been integrated in future lessons.
The Bio-Rad Crime Scene PCR Kit is appropriate for students who have never performed a PCR reaction.   It is simple and results are very reliable.
3.  Extension BioRad Biotechnology Explorer Crime Scene Investigator PCR Basics Kit (Cat No. 166-2600EDU).

o
The CODIS system and DNA Databases
o Exercises in STR Allele Frequencies and Random Match Probabilities
(answer key in teacher manual)

4.  Extension: Have students research Real-Time PCR vs. traditional PCR

o
Animation:  http://media.invitrogen.com.edgesuite.net/ab/applications- technologies/real-time-pcr/real-time-polymerase-chain- reaction/index.html?ICID=EDI-Lrn1
o
Reference: http://www6.appliedbiosystems.com/support/tutorials/pdf/rtpcr_vs_tra dpcr.pdf
Materials
•
Handout: PCR Song Lyrics

•
Worksheet: PCR Scavenger Hunt
•
Worksheet: PCR Cycle Sketch

•
Worksheet: PCR Virtual Lab

•
Student PCR Lab Procedures with Questions

•
PCR Crime Scene Grading Criteria

•
The CODIS system and DNA Databases
•
Exercises in STR Allele Frequencies and Random Match Probabilities
•
BioRad Biotechnology Explorer Crime Scene Investigator PCR Basics Kit (Cat No. 166-2600EDU) Teacher Manual can be downloaded here with free registration 


Answer Keys for these Worksheets coming soon!


Assessment
•
Student answer pre-lab activity worksheets correctly (answer key coming soon)
•
PCR Crime Scene Grading Criteria

Accommodations for Learning Difference National and State Education Standards Collage and Career Readiness Standards
I C1, C2, C3, D1, D2, D3, E1, E2

II A2, A5, A7

III A1, B1, B2, B3, D1

IV A1, E1

The PCR Song
There was a time when to amplify DNA,

You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis, Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers, Nucleotides and polymerases, too.


Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations. PCR, when you need to recombine.

PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

The PCR Song
There was a time when to amplify DNA,
You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis, Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers,
Nucleotides and polymerases, too.

The PCR Song
There was a time when to amplify DNA,
You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis,

Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers, Nucleotides and polymerases, too.




Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations.
PCR, when you need to recombine.
PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations. PCR, when you need to recombine.

PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

The PCR Song
There was a time when to amplify DNA,
You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis,

Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers, Nucleotides and polymerases, too.

The PCR Song
There was a time when to amplify DNA,

You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis, Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers, Nucleotides and polymerases, too.



Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations. PCR, when you need to recombine.

PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations.
PCR, when you need to recombine.
PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

The PCR Song
There was a time when to amplify DNA,
You had to grow tons and tons of tiny cells. Then along came a guy named Dr. Kary Mullis, Said you can amplify in vitro just as well.
Just mix your template with a buffer and some primers, Nucleotides and polymerases, too.



Denaturing, annealing, and extending.

Well it’s amazing what heating and cooling and heating will do.

PCR, when you need to detect mutations. PCR, when you need to recombine.

PCR, when you need to find out who the daddy is. PCR, when you need to solve a crime.

PCR Scavenger Hunt

Use the following sites to answer the questions:

 
http://en.wikipedia.org/wiki/PCR
 
http://www.dnalc.org/resources/animations/pcr.html
 
http://users.ugent.be/~avierstr/principles/pcr.html
 
http://www.accessexcellence.org/RC/AB/IE/PCR_Xeroxing_DNA.php
 
http://www.accessexcellence.org/RC/CT/polymerase_chain_reaction.php
 
http://www.premierbiosoft.com/tech_notes/PCR_Primer_Design.html
Do not cut and paste from the Internet- answers should be typed in your own words.

To go to one of the websites, place your cursor within the URL and press control then the left click button.

1.  What does PCR stand for?

2.   Why is PCR used?

3.   What does in vitro mean?

4.   What are the three steps involved repetitively in PCR?

5.   At what temperature does the first step take place?

6.   At what temperature does the second step take place?

7.   What must be added for this step to take place?

8.   At what temperature does the third step take place?

9.   What special enzyme is needed for the third step?

10. What does this special enzyme do?
11. Why is the particular enzyme from Thermus aquaticus used?

12. What is Thermus aquaticus?

13. What other chemicals must be added for the reaction to work besides the ones mentioned in question

7 and 9?

14. Why are the three steps repeated so many?

15. How many copies of the target DNA under ideal conditions are there after 20 cycles?

16. How many copies of the target DNA under ideal conditions are there after 30 cycles?

17. PCR is described as exponential amplification of a DNA template. Why?

18. Originally PCR was done by shifting the microtube from water bath to water bath. What is used now?

19. What is the Peltier effect? How is it used in PCR?

20. Why does the PCR need optimization?

21. How does a biotech optimize a PCR run?

22. The following is an electrophoresis gel used to check the results of the reaction.

Figure 3: taken from  http://en.wikipedia.org/wiki/PCR
Explain what is shown by each lane in the gel.

23. When using PCR, the scientist must design the primers. There are 11 different aspects to be considered when design. For each of these factors listed below, write a brief summary of what the factor is and how it is used.

a.   Primer Length:
b.   Melting Temperature:
c.
Primer annealing temperature :
d.   GC Content :
e.   GC Clamp :
f.
Secondary Structures :
g.   Repeats :
h.   Runs :
i.
3' End Stability :
j.
Avoid Template secondary structure :
k.
Avoid Cross homology :
24. What are at least 7 different common applications of PCR technology? (That is, list ways to use PCR

as you have described in the previous questions.)
25. Write a summary explaining PCR to a fellow biotech student who hasn’t done this worksheet yet. Use about 100 words.

PCR Cycle Sketch
For this assignment you will be drawing several cycles of PCR and answering
a few short questions. The following animations will help you to understand the processes of PCR and gel electrophoresis.

The Polymerase Chain Reaction by Sumanas, Inc.:

http://www.sumanasinc.com/webcontent/anisamples/molecularbiology/pcr.html
Polymerase Chain Reaction by the Dolan DNA Learning Center:

http://www.dnalc.org/ddnalc/resources/pcr.html
1.
A thorough understanding of the process of PCR will help in the analysis of your
DNA gel. The figure below represents a segment of double-stranded DNA with

100 base pair segments denoted by each letter.

The primers are indicated by the arrows for both the sense and anti-sense DNA strands. In the following questions, a “copy” of DNA refers to a double-stranded piece of DNA.

[image: image2.png]w





A.   Draw the first three cycles of PCR indicating the
a.
2pts:  intermediate products labeled with letter designations (label blue)
b.
2pts: directionality (5’
3’), (label red)
c.
2pts:  TAQ polymerase (label purple)
d.
2pts:  size of the desired target double-stranded DNA product.(label green)
e.
7pts:  Include the temperatures (label orange) and their significance

(pen/black) for each step in the PCR reaction for the first cycle

B.   5 pts:For each cycle, indicate how many copies of target double stranded-DNA and “intermediate DNA” (the DNA includes target DNA region plus a bit of the flanking DNA and/or the original DNA strand) you would have after each cycle assuming you began with one double strand DNA template. (Black pen)
2) Answer the following questions assuming there have been four cycles of PCR. (HINT: Look for graph analysis using one of the above links!)

A. What is the total number of target DNA copies and the total number of intermediate DNA copies assuming you began with one double strand DNA template? Note: Target DNA copies contain only the target DNA on both strands.

Target DNA copies 2pts  
Intermediate DNA copies 
2pts
C.   What is the ratio of intermediate to target DNA copies in the fourth cycle?
How would this ratio change after twenty cycles? How does this ratio affect what you see in the DNA gel? 3pts
D.   Is there an equation that can be used to predict copy number? What is it? 3pts
Name:  

Polymerase Chain Reaction (PCR) : Virtual Lab
To begin the activity, go to: http://learn.genetics.utah.edu/content/labs/pcr/
NOTE: When pipeting, you must hold down your mouse button to keep the sample in the pipet. Release the mouse button to release the sample.
1. What is the goal of PCR and why do scientists need to do it?

2. What are primers? (Hint: see text below the activity)

3. What enzyme is used in a PCR reaction? What does this enzyme do?

4. During the first part of a PCR cycle, what temperature does the DNA Thermal Cycler heat up to? What does this temperature do to the DNA?

5. During the second part of a PCR cycle, what temperature does the DNA Thermal Cycler cool down to? What happens at this temperature?

6. During the third part of a PCR cycle, what temperature does the DNA heat to? What happens at this temperature?

7. During what cycle do our desired DNA fragments begin to appear?

8. If you started with a single piece of DNA, after 30 PCR cycles how many of your desired DNA

fragments would be produced?

9. Using what you now know about PCR, hypothesize why it is so important in forensics.

PCR Crime Scene Investigation*
Imagine the following scenario:
Scene: The Highway Motel, #1 Dark Highway, Nowhere

Setting: Room #13.
The motel manager hears loud voices, a woman screams, and a shot rings out. The manager runs to the window in time to see the receding lights of a car leaving in a hurry. The door to room # 13 hangs open. The manager runs to the open door, to see a man lying face down in a pool of blood. He calls 911. The police arrive, and begin to examine the crime scene. An apparent homicide, but with no obvious clues as to who committed the crime. Or…?

A forensic specialist is called in to examine the crime scene and collect evidence. Even though it looks like the people involved left no evidence behind, the specialist can use laboratory tests that can tell who was at the crime scene from a single drop of blood or a lone hair. Is this a science fiction story, or reality?

Very much a reality. Testing is routinely done in forensic testing labs across the US and in many other parts of the world from only a single cell, and sometimes from samples that are decades old. The reason this is possible is because of DNA. To be able to perform laboratory tests, the specialist needs biological material to work with. Often, there is very little material left at the scene of a crime, and not in quantities that will allow analysis. To get around this problem, the specialist takes advantage of a process that each and every cell in your body uses to divide.
The most important part of any cell's life is when it commits to reproducing itself and dividing. The basic result of any cell division is the creation of two identical daughter cells from one original cell. To ensure that this happens, DNA replication must have a high degree of specificity and accuracy, that is, it must copy DNA exactly. To do so, the enzymes involved in DNA replication use the information already contained in the existing strands to make new DNA copies. This basic idea - the exact copying of DNA from a template - is the basis for a

new technology that has revolutionized many areas of science, medicine, and the courts.

PCR allows the forensic specialist to specifically amplify, or copy, any region of DNA that he or she is interested in. PCR is the basis for DNA testing that is currently used in nearly all forensic analysis.

In this experiment, you will perform PCR analysis on a single locus, the BXP007 locus, using template DNAs obtained from a simulated crime scene and a victim. Following PCR, you will run an agarose gel to separate the PCR products, visualize the PCR products, compare them to a simulated ladder of possible alleles for this locus, and assign a genotype for the templates. You will then look to see if any of the suspects' genotype match the crime scene, and see whether you can determine whodunit!

Let's examine the DNA evidence and find out who pulled the trigger!

*Adapted from Crime Scene Investigator PCR Kit (catalog number166-2600EDU), Biotechnology Explorer (TM) instruction manual, Rev. E. Bio-Rad Laboratories, Life Science Education. 1-800-4-BIORAD (800-424-6723),  www.explorer.bio-rad.com

Show your instructor your samples to check for correct volume

Be sure to sign in your samples on the Thermo cycler signup sheet
Student Questions: Lesson 1
PCR Student Questions
1. What does PCR allow you to do with DNA?

2. What components do you need to perform PCR?

3. What is in the master mix and why do you need each component?

4. Why do you need to perform PCR on DNA evidence from a crime scene?

5. What steps make up a PCR cycle, and what happens at each step?

Lesson Two: Electrophoresis of PCR Products
You have completed your PCR amplification. However, at this point, you can't actually tell whether or not you have PCR products. To do this, you must sort your PCR products using gel electrophoresis and then visualize them using a DNA stain. Since DNA is negatively charged, it can be separated using an electric current. In fact, electrophoresis means "carry with current". In agarose gel electrophoresis, DNA is placed in solidified agarose, which forms sieves containing pores that vary in size depending on the concentration of the agarose.

The higher the concentration of agarose, the smaller the pore size, and the

longer it takes for larger molecules to move through. This is particularly useful when you want to compare DNA molecules of different sizes contained in the same sample. Movement through the gel occurs when an electric current is applied across the gel. Since the gel is immersed in buffer, the current will travel through the buffer and gel, carrying the negatively charged DNA with it toward the positive anode.

In addition to your PCR products, you will also be running a DNA Allele Ladder that represents all of the possible alleles at the BXP007 locus. This is a reference, or marker, that you can compare your PCR reactions to so you can judge their relative sizes and their identities. In the following drawing of a gel, the samples, or bands, seen in the first track, or lane, all come from the BXP007 Allele Ladder. These are the standard sizes of all the alleles know to occur at this locus. There are 8 possible alleles, with the largest at the top of the gel and the smallest at the bottom. The sizes are, from top to bottom, 1500, 1000, 700,

500, 400, 300, 200, and 100 base pairs (bps). Allele names are indicated in the figure. In the next several lanes, we see PCR products that come from DNA samples that have

been tested for what alleles they carry at this particular locus. As shown in figure 12, the

sample in the lane next to the Allele Ladder, the Crime Scene Sample (CS) has a genotype that corresponds to alleles 5 and 2 on the allele ladder. We would say that the genotype for this sample is 5-2. For the next sample, the genotype would be 7-4, and so on.

Fig.
Make an agarose gel and show your instructor

[image: image3.png]Secure the lid on the el box. The lid will
attach to the base in only one orientation: red
to red and black to black. Connect the
electrical leads to the power supply.

Turn on the power supply and electrophorese
your samples at 100 V for 30 minutes.





Student Questions – Lesson Two
Gel electrophoresis Student Questions
1. Why does DNA move through an agarose gel?

2. What is an Allele Ladder? What is its function in DNA profiling?

3. What is required to visualize DNA following electrophoresis?
Analysis of results
Once the gels have been stained with Fast Blast DNA stain, it is time to determine the alleles present in each sample, and assign a DNA profile (genotype). For each PCR

reaction, compare the bands obtained in each lane to the Allele Ladder run in lane #1. See page 40 for representative results, sizes of the ladder bands, and labeling of the alleles in the ladder. Assign each band in each PCR reaction with an allele assignment according to the band of corresponding size in the allele ladder. The bands in the allele ladder are numbered from top to bottom starting with the largest allele, #15, at the top. The sizes of the bands are indicated in the table below. In the example shown in figure 8 (page 26), the

allele assignment for the sample in lane 2 is 3-7, since there is one allele 7 and one allele 3 in that lane. Write down the genotype for each of your samples in the chart

below.
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1.  Did your samples all generate PCR products? If not, give reasons to explain why.

2.   What is the genotype of each of your samples?

3.   Does the Crime Scene DNA sample have a genotype that matches any of the suspects? If so, which one matches?

4.   What does this result tell you about which suspects are included in the investigation? excluded? Explain your answer.

Lesson One:

PCR Crime Scene Grading Criteria
 
 (5points) Student is proficient in using the micropipette (40ul in PCR tube)
 
 (10 points) Questions are answered completely and with no errors
Lesson Two:
 
 (5 points) Student is proficient at making an agarose gel
 
 (5 points) Student is proficient at loading samples under buffer
 
 (6 points) Questions are answered completely and with no errors
Analysis of Results
 
 (4 points) Data collected in table
 
 (20 points) Questions are answered completely and with no errors
 
(5 points) Lab Station Clean and Set up correctly
TOTAL:  
(60 points)
The CODIS system and DNA Databases
The collection and stockpiling of DNA evidence has the potential to be of great help to law enforcement. CODIS, or Combined DNA Index System, is a federally maintained database of DNA obtained from crime scenes and convicted violent offenders. CODIS works on federal, state, and local levels to obtain and maintain DNA profiles (13). All DNA profiles originate at the local level, and then migrate to the state and federal levels.
Although CODIS is administered at the federal level, states have the power to legislate local DNA evidence collection. Although CODIS was originally designed to collect information about violent criminals, many states have now enacted legislation that allows collection of DNA evidence even if that person is not convicted of a crime.
In California, proposition 69 requires the collection of DNA from anyone convicted of any felony offense, or any violent sexual assault (14). It also requires DNA collection from anyone arrested or charged with various violent crimes or felony offenses. In favor of this, proponents say that too many violent crimes go unsolved because California does not have a comprehensive DNA database. Further, they point out that the tests do not reveal any medical conditions about individuals, so medical privacy would not be violated.
However, opponents object to DNA collection from people who have not been convicted of a crime. Further, they feel that privacy safeguards are not adequate, and that the state is not compelled to respond to requests to have innocent individuals' information removed. Many people also feel that even one corrupt official could compromise the privacy rights of countless individuals. This is a controversial area, and is continually being examined and developed.
How does CODIS actually work?
CODIS examines 13 loci, or markers, that are uniformly distributed across the human genome. The loci used, and their relative positions, are listed below in Figure 22.
Fig. 22. The 13 core CODIS loci and their genetic locations (7).
In addition to the 13 loci used for STR profiling, forensic analysts also analyze the amelogenin locus. PCR products at this locus produce X chromosome and Y chromosome specific PCR products of different sizes. The amelogenin locus therefore provides gender information about a particular DNA sample.
One important feature of these 13 loci is that they have been carefully chosen so that they reveal no medical or health information about the individual being profiled. That is, these loci come from regions of the human genome that are not known to be associated with any disease or condition. For that reason, they are called "anonymous" markers.
Why choose 13 loci?
The ability to distinguish between any two individual DNA profiles increases with the number of loci tested. If only one locus was examined, many people would likely have the same genotype, and so telling the difference between any two people would be very difficult. In addition, allele frequencies have been shown to vary between ethnic groups. Depending on the ethnic group under study, the power of discrimination at any one locus may only be 1

out of every 200 people. With the addition of more loci, the ability to discriminate between two profiles increases. Take a look at the following fictitious DNA profile. The alleles identified in this person’s STR DNA profile and the frequencies in Caucasians for those alleles (3) are listed. The final row lists the Random Match Probability (RMP; described in more detail in Appendix C) for the combined genotype. The RMP tells you how likely it is for anyone else to have the same genotype. For this particular genotype, there is about a one in 5 trillion chance that another Caucasian has the same genotype. Since there are only ~ 6.5 billion people alive on Earth today, that’s a highly discriminating number!
	Fictitious DNA Profile: Random Match Probability Calculation

	STR locus
	Identified allele
	Allele frequency in Caucasians (from database)
	Locus frequency in Caucasians

	
	
	
	Formula
	Locus frequency

	TPOX
	8

12
	p = 0.535
q = 0.041
	2pq
	0.044

	TH01
	10
10
	p = 0.008
	p2
	0.000064

	D3S1358
	16
17
	p = 0.222
q = 0.222
	2pq
	0.099

	FGA
	21
23
	p = 0.185
q = 0.134
	2pq
	0.050

	CSF1PO
	11
13
	p = 0.301
q = 0.096
	2pq
	0.0258

	D8S51
	14
19
	p = 0.137
q = 0.038
	2pq
	0.01

	D21S11
	28
29
	p = 0.159
q = 0.195
	2pq
	0.062

	
	Combined genotype frequency

	Total RMP for this genotype = frequency of TPOX locus [f (TPOX)] x frequency of TH01 locus [f (TH01)] x frequency of D3S1358 locus [f (D3S1358)] etc.
	f (TPOX) x

f (TP01) x

f (D3S1358), etc.
	5 x 10-13 or ~1 in 5 trillion


Fig. 23. Fictitious DNA Profile – Random Match Probabilities. In this imaginary Caucasian DNA profile, 7 loci have been examined. One locus – TH01– is homozygous, so only one allele has been identified. A locus frequency is indicated for each combination of alleles at a particular locus, and the total RMP for the combined genotype is also shown.
To calculate the genotype frequency at any particular locus, you need to take into account the possibility of inheriting the combination of allelles present at that particular
locus from each parent. Allele frequencies have been shown to vary between different ethnic groups, and these frequencies have been published (3). As an example, let’s look at the TPOX locus. In Caucasians, the frequency of the 8 allele (let’s call this frequency ‘p’) is p =

0.535. This means there’s about a 53.5% chance that any Caucasian TPOX allele typed would be an 8. Similarly, there’s a q = 0.041 chance that a random TPOX allele would be typed as a 12. The chance that this person got the 8 allele from his mother and the 12 allele from his father is represented as pq, and the opposite – that he got the 8 from his father and the 12 from his mother – is also pq, so the locus frequency at any heterozygous locus can be thought of as pq + pq or 2pq. So, 2*(0.535)(0.041) = 0.044, or 4.4%, of Caucasians have the 8, 12 genotype at the TPOX locus.
At the THO1 locus, since both alleles are the same, the frequency is simply pp, or p2, which is the combined chance of inheriting allele 10 from each parent. So , about 0.0064% of Caucasians have this particular genotype at the TH01 locus.
The Hardy-Weinberg theory is the principle behind the formulae for calculating genotype frequencies at any locus (i.e. p2, 2pq). In essence, Hardy-Weinberg describes the probable genotype frequencies in a population and tracks their changes from one generation to another. In the case of STR calculations, it allows geneticists to take observed allele frequencies and calculate a genotype frequency as described above in the table.
In our example in the table above, the chance for any Caucasian to have this particular combined genotype (TPOX 8, 12; TH01 10,10) is 0.0064% of 4.4%, or about 3% of all Caucasians screened at these two loci (TPOX and TH01). Mendel’s Law of Independent Assortment tells us that alleles are inherited independently, so the Product Rule can be applied to make this calculation. The Product Rule says the combined genotype frequency is the product of all of the separate loci frequencies (represented generically as ‘f’; see the table under combined genotype frequency), as described above for the TH01 and TPOX alleles. The genotype frequency may also be described as the Random Match Probability, or RMP. RMP is described in more detail in Appendix C.
In the US, 13 loci are used for analysis. The combined RMP using 13 loci provides enough discrimination power to tell the difference between any 2 people in the world, with the exception of identical twins. In the UK, law enforcement has elected to use only 10 loci, which could, in some cases, lead to a situation where more than one person has the same identified genotype.
Plant and Insect Genotyping in Forensic Investigations
The vast majority of DNA profiling associated with criminal investigations involves profiling of the people implicated in the crime. However, genetic profiling using many of the methods described is also performed in some instances, where the particular genotype of a plant or an insect can help associate a piece of evidence with a known location or time. For example, smuggling of endangered species of plants and animals is still prevalent in many parts of the world. To be able to identify animals and plants specifically, many of the same tests described in this Appendix are employed.
Forensic entomology, or the application of the study of insects to criminal cases, is the field devoted to these studies in homicide and wildlife poaching investigations. Insects colonize remains shortly after death and develop in a predictable way. Identification of insects using the methods described here as well as other methods allow an entomologist to estimate elapsed time since death, as well as other factors such as position of wound sites, and whether the body has been moved or disturbed.
Appendix C
Exercises in STR Allele Frequencies and  Random Match
Probabilities
Exercise 1: Simulation of Inheritance of STR Allele and Power of
Discrimination
The Crime Scene Investigator PCR Basics kit allows students to simulate a genotyping at one of the loci commonly used in forensic typing. In real crime scene applications, DNA profiling is performed at a number of different loci to improve the power of discrimination of the testing. In simple terms, the power of discrimination is the ability of the profiling to discriminate between different individuals. The larger the number of loci profiled, the more powerful the ability to discriminate.
This concept can be illustrated in the classroom with a very simple exercise. All students are asked to stand, and they now form a pool of possible suspects for a hypothetical crime. There is an eyewitness who saw the criminal run from the crime scene and has provided a description. As will be apparent, the more bits of identifying information provided by the witness, the greater the number of persons excluded from the suspect pool, and the smaller number of suspects included in the suspect pool. The teacher provides bits of identifying information, asking those who are no longer suspects to sit. The teacher repeats this process (selecting from the suggested list below, but in an order that continues to eliminate students from the pool of suspects) until only one student remains standing – there is now
a suspect pool of one! Some of the types of information provided by an eyewitness might include the following:
The criminal wore blue denim jeans.
The criminal wore a T-shirt (or sweatshirt, depending on the season) with letters on it. The criminal wore glasses.
The criminal had  
hair color.
The criminal had very short or long hair. The criminal was male or female.
The question to ask the students is: Does this prove that [name] committed the crime? Why or why not?
The correct answer is that the last student standing could have committed the crime, but an important consideration is whether any other persons who fit this same description were also present. In other words, what is the possibility that another person has this exact set of features? This same consideration comes into play with DNA profiling. What is the chance that a randomly selected individual will have the same identical DNA type of the suspect? This random match probability is an important component of using DNA evidence to solve crimes.
Adding more pieces of observation to the physical description of the escaping criminal made it more likely to identify the correct person as guilty (or innocent). In exactly the same way, adding more genetic loci to the DNA profiling profile makes it a much more powerful tool for solving crimes.
In the US, 13 STR loci have been chosen for forensic typing and inclusion in the national database called CODIS. The average random match probability when all 13 are typed is less than one in a trillion. Since the total world population is about 6.5 billion people, that means that the CODIS system can in theory tell the difference between any two people, with the exception of identical twins.
The next part of the exercise demonstrates the inheritance of STR alleles at four loci and shows how even siblings will have different profiles. The four STR loci we will model are actually used in forensic typing:
Locus name
Chromosome
Allele Range (# repeats)
VWA (blue)
12
10–24
D8 (green)
8
8–19
D5 (yellow)
5
7–16
TH01 (red)
11
3–14
Materials required for each class:
•
8 small paper bags
•
Blocks or small squares of poster board in red, blue, green, yellow (total number = 2 of each color per student)
•
Student worksheets, transparency or board copy of the table
Before class, the teacher will
•
Label ¼ of each of the blue blocks with one allele (13) for VWA, ¼ with a second different allele (18), ¼ with a third, different allele (16), and ¼ with a fourth, different allele (20) with a permanent marker. Keep the piles of labeled blocks separate. Place two sets of alleles in one paper bag labeled "mom, VWA"; put the remaining two sets into another paper bag labeled "Dad, VWA"
•
Repeat with green blocks using D8 alleles (8, 12, 9, 13). Place two sets in a bag labeled "mom, D8" and two sets in a bag labeled "Dad, D8"
•
Repeat with yellow blocks using D5 alleles (7, 11, 10, 12). Place two sets in a bag labeled "mom, D5" and two sets in a bag labeled "Dad, D5"
•
Repeat with red blocks using TH01 alleles (7, 11, 10, 12). Place two sets in a bag labeled "mom, TH01" and two sets in a bag labeled "Dad,TH01"
In class:
1.  One student is named the "mom" of the family and one student the "dad". The mom will take the four bags marked "mom" and the dad will take the four bags marked "dad". They will determine their genotypes at each of the four STR loci; all students will enter these into their data sheets.
2.  Each student now "inherits" his or her STR genotype by selecting at random one allele from each of the Mom's bags and one allele from each of the dad's bags. Each student enters his or her data on the blackboard or transparency master sheet and all students transcribe the data onto their worksheets. By repeating for each student in class, a large "family" of children with the same mother and father have been generated.
Table I: STR Inheritance & Typing Simulation Student Worksheet
Family genotypes: Fill in the names and genotypes of the parents and all the children
	Name
	VWA Alleles
	D8 Alleles
	D5 Alleles
	Th01 Alleles

	
	Maternal
Paternal
	Maternal
Paternal
	Maternal
Paternal
	Maternal
Paternal

	Mom
	
	
	
	

	Dad
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


Question 1: Considering only the VWA alleles, how many of your siblings have the same genotype as you do?
Question 2: Considering VWA and D8, how many of your siblings have the same genotype as you do?
Question 3: Considering VWA, D8, and D5, how many of your siblings have the same genotype as you do?
Question 4: Considering VWA, D8, D5, and TH01, how many of your siblings have the same genotype as you do?
Question 5: How do your results demonstrate the principle of increasing power of discrimination used in forensic DNA profiling?
Question 6: If more than one child shared the same genotype, what possible explanations are there?
Exercise 2: Random Match Probabilities
For PowerPoint presentation, lecture information, and figures for STR profiling, instructors are referred to: http://www.cstl.nist.gov/biotech/strbase/
Because each of the loci used in forensic DNA profiling is on a different chromosome, they are each inherited independently of each other (Mendel's Law of Independent Assortment of Chromosomes is the underlying genetic principle). This fact allows the forensic scientist to use the product rule to calculate the frequency of any given DNA profile by multiplying individual allele frequencies together. In other words, this is the probability that another person, chosen at random from a population, will have exactly the same genotype, and is also known as the random match probability (RMP).

RMP = f(VWA-1) X f(VWA-2) X f(D8-1) X f(D8-2) X f(D5-1) X f(D5-2) X f(TH01-1) X f(TH01-2) Where f(…) is the frequency of that allele in the population.
Allele frequency is basically a measure of the relative abundance of a specific allele in a given population. Allele frequencies for the 13 CODIS STR loci are available in many public databases. For this portion of the exercise, visit STRBase on the internet (http://www.cstl.nist.gov/biotech/strbase) and select "Data from NIST US Population Samples". Next click on "Allele Frequencies published in the Journal of Forensic Science" and open the article. Table 1 shows allele frequencies for a Caucasian population, table 2 for an African American population, and table 3 for a Hispanic population.
Use these tables to complete the following chart by writing the allele frequency for each of your alleles from each population:
	
	VWA alleles
	D8 alleles
	D5 alleles
	TH01 alleles

	My genotype
(from Exercise 1)
	
	
	
	
	
	
	
	

	Frequency:
	
	
	
	
	
	
	
	

	Caucasian
	
	
	
	
	
	
	
	

	African
American
	
	
	
	
	
	
	
	

	Hispanic
	
	
	
	
	
	
	
	


Question 1: What do you notice about allele frequencies among populations? Is there any specific trend?
Question 2: Forensic laboratory genotyping results often report RMPs for specific populations. Use the data in your chart to explain why this might be important. Hint: remember that the match probability is used to provide some indication about the "pool" of potential people with the same genotype as a suspect.
Question 3: Use the data from the chart to calculate an RMP for your own genotype for each of the populations. Insert the frequencies for your own alleles into the RMP formula and calculate.
Write the RMP formula with your alleles inserted: Calculation based on Caucasian population: Calculation based on African American population: Calculation based on Hispanic population:
Discussion Questions
1.  Imagine that blood, known to come from a criminal, was left at the scene of a crime, collected, and typed for the 13 CODIS loci. No suspect has been arrested, and there are no good investigative leads. Do you think that genotypes at the 13 CODIS loci
should be used to make conclusions about the race of any potential suspect? Use what you have learned from the STRBase tables to support your position.
2.  What are some of the difficulties in using population studies based on race?
Appendix D
PCR Amplification and  Sterile Technique
PCR is a powerful and sensitive technique that allows researchers to make large amounts of DNA from very small amounts of starting material. Because of this sensitivity, contamination of PCR reactions with unwanted, extraneous DNA is always a possibility. Therefore, great care must be taken to prevent cross-contamination of samples. Steps to prevent contamination and failed experiments include:
1.  Filter-type pipet tips. The end of the barrel of micropipets can easily become contaminated with aerosolized DNA molecules. Pipet (or aerosol barrier) tips that contain a filter can prevent aerosol contamination from micropipets. DNA molecules within the micropipet cannot pass through the filter and cannot contaminate PCR reactions. Xcluda™ aerosol barrier pipet tips (catalog #211-2006EDU and 211-2016EDU) are ideal pipet tips to use in PCR reactions.
2.  Aliquot reagents. Sharing of reagents and multiple pipettings into the same reagent tube will likely introduce contaminants into your PCR reactions. When possible, aliquot reagents into small portions for each team, or for each student. If an aliquotted reagent tube does become contaminated, then only a minimal number of PCR reactions will become contaminated and fail.
3.  Change pipet tips. Always change pipet tips. If a pipet tip is used repeatedly, contaminating DNA molecules on the outside of the tip will be passed into other solutions, resulting in contaminated PCR reactions. If you are unsure if your pipet tip is clean, discard the tip and get a new one. The price of a few extra tips is a lot smaller than the time, effort, and cost of failed reactions.
4.  Use good sterile technique. When opening, aliquotting, or pipetting reagents, leave the tube open for as little time as possible. Tubes that are open and exposed to the air can easily become contaminated by DNA molecules that are aerosolized. Go into reagent tubes efficiently, and close them when you are finished pipetting. Also, try not to pick tubes up by the rim or cap as you can easily introduce contaminating DNA molecules from your fingertips.
5.  Sterilize your equipment and work area. 10% bleach destroys DNA; wiping down surfaces and rinsing pipet barrels with 10% bleach can get rid of any DNA contamination that may arise.
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