Overview for Teacher

Topics explored in module: genetic mutations, developing and applying an algorithm, upper and lower bounds and optimizing

Target audience: any high school class; material could be easily adapted for use in a middle school class

Length: 3-5 class periods of 45 minutes each

Standards Alignment:  Topics in this module align with the following NCTM Standards for School Mathematics.



Problem Solving



Reasoning and Proof



Communication



Connections



Representation

Goal:  The student will understand the role of chromosome inversion mutations in evolution.


Objective 1:  The student will define a chromosome inversion mutation.


Objective 2:  The student will diagram an inversion event.

Objective 3:  The student will list the 3 possible outcomes of an inversion event.


Objective 4:  The student will explain how each outcome could arise.


Objective 5:  The student will calculate the number of inversions necessary to reach a 

          target sequence.

Objective 6:  The student will calculate the most likely phylogeny of a set of organisms

          using genome inversion data.

Goal:  The student will understand algorithmic thinking.


Objective 1:  The student will develop an algorithm to solve inversion problems.


Objective 2:  The student will apply a given algorithm to inversion problems.


Objective 3:  The student will analyze and compare algorithms for efficiency.

Synopsis of unit:  Students will experiment with rearranging sequences by inverting subsections.  After becoming familiar with the problem, they will be challenged to develop and write an algorithm that can be applied to any sequence.  A second algorithm will be introduced and analyzed.  After mastering the algorithm, students will use the ideas to study the concept of gene mutation.

Biology Background Information
Teacher background:


Cells are controlled by the genetic information contained within its DNA.  DNA is coiled and packed into a structure called a chromosome.  A segment of the DNA/chromosome that codes for a particular protein is a gene.  For more detailed information on DNA and chromosomes please refer to the DIMACS biology primer.  The chromosome has many genes lined up in a particular order.  Mutations can occur that change the order of the genes along a chromosome.  These “chromosomal mutations” include insertions, deletions, translocations and inversions.  This module is only interested in inversions.  An inversion occurs when a single gene or a group of genes detach from the DNA strand, rotate 180°, and reattach to the strand.
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The pictures above show a section of the chromosome, including the centromere that has been inverted, thus moving the centromere toward the top of the chromosome.  Any genes that were within this section of the chromosome have now been moved to a new position with the exception of the potential gene at the ‘pivot point.’  Illustrated a different way with numbers, let us start with the gene sequence 12345.  If we invert the strip ‘234’ of the chromosome then we have the new alignment 14325.  If the centromere was within the 234 segment then it will move positions, otherwise no change in centromere location will be noted.  Note that genes outside the inversion area remain unchanged in their global location on the chromosome but may now be next to a gene they were not adjacent to before. In the above example, gene 1 started next to gene 2.  After the inversion of 234, gene 1 is now adjacent to gene 4, even though gene 1 was not involved in the inversion.
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The change in location of the centromere is useful to note inversions by simply viewing the chromosome.  If you know the original chromosome has the centromere in the center and, after DNA replication, a copy has the centromere in a different location you could deduce that an inversion event has occurred.  Again, this can be seen in the picture above.  The picture below shows the 46 different human chromosomes – note the centromere location is quite different in any given chromosome.  The fact that it is not in the center is suggestive that inversions occurred throughout evolution to shift its position, and therefore the relative gene positions, which led to the human species.
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http://www.ncbi.nlm.nih.gov/Class/MLACourse/Original8Hour/Genetics/chromosome_ideograms.gif
Chromosomal inversions can occur in any cell in the human body (or in any living creature) but the most important events occur in sex cells (sperm or egg cells).  These changes exhibit their full effect on any offspring formed from these inverted sperm or egg chromosomes.  In other words, an inversion that occurs in a skin cell only effects that skin cell but the other trillion cells in your body remain normal.  However, if the inversion occurs in a sperm or egg cell, when the cells combine to form a single cell zygote every new cell created in that offspring will contain that inverted sequence.

Chromosomal inversion events can result in 3 basic outcomes for the offspring:

1. Advantageous - perhaps due to the activation of a gene that was previously inhibited due to its position on the chromosome or deactivation of a gene that was previously active.

i.e.  In an arctic environment, the inversion deactivates a gene that codes for black fur causing the animal to have white fur thus blending better with its environment.

2. Disadvantageous – same as above but either the environment was different so the color change was not preferred or the inactivated gene coded for a protein that is essential for the survival of the organism.  Without the essential protein the animal will not survive.  Therefore disadvantageous changes can result in an offspring that does not survive or an offspring with less chance to survive in that particular environment.

i.e. hemophilia, a disease where an individual continues to bleed when injured, is caused by genetic inversions on the x-chromosome

3. No effect – this could occur for 2 reasons

a. The activation or deactivation of a gene was not important to the organism’s survival.

b. The inversion caused no change in the gene activity – the genes are simply in a new location but work exactly the same as before the inversion.

Refer to the included Joint Genome Institute: Sequencing Targets and Associated Diseases to see a list of diseases that have been mapped to mutations of chromosome 5, 16 and 19.  All of these diseases are not necessarily caused by an inversion mutation but, nonetheless, the image is an excellent visual to demonstrate the importance of mutations and genetic study.  

Tracking chromosomal inversions is important biologically because it can help determine evolutionary phylogeny (the evolutionary development and history of a species).  Mutations are the driving force of evolution and inversions are one form of these mutations.  By determining the most parsimonious sequence of inversions to lead from the given sequence back to the identity sequence one can infer the minimum number of evolutionary steps between two organisms and the evolutionary order of a group of organisms with those inversions.  For example, given the identity sequence 12345 and the species sequence 54321, it can be seen that a single inversion can separate one organism from the other.  Therefore, it would be deduced the two species are closely related evolutionarily.  On the other hand, 52314 would require three inversions to obtain the identity sequence and is therefore a more distant relative than the single inversion organism.  One inversion sequence to obtain this is:  52314 – 13254 – 12354 – 12345.

Additionally, a chromosomal inversion can actually break in the middle of a gene and rotate, thus rendering that gene inoperable.  Again, this could result in the three possibilities noted above.  For this module it is assumed that the chromosomal breaks do not break within a gene but rather shift genes in their entirety.  

Finally, when genes are actually inverted in an organism they do not only change position but read ‘backwards’ within the chromosome.  This is best illustrated if one gene is inverted.  For example, in the sequence ABMCD, if the M is removed, rotated 180° and reinserted in the same spot it would actually lead to ABWCD.  Note the M is now ‘upside down’ to become the W.  In a longer inversion it would look like the following where BMC is inverted. 
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 This module does not deal with this issue, however extension 2 at the end of this module can stimulate the students to explore it.  In mathematical notation the change above would be represented as

1 2 3 4 5                       1 -4 -3 -2 5

Note the negative signs denote a gene that is now positioned ‘backward.’  This can also be seen in the actual version of the mouse to human rearrangement sequence below.
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http://www.pnas.org/content/vol100/issue13/images/large/pq1330369002.jpeg
Note the directional changes of certain genes denoted by the negative sign (i.e. -11)

This diagram shows two ways a mouse chromosome can be converted to a human chromosome in 7 steps by simply using inversions.  Again, this module’s version of the mouse to human conversion disregards these reversals of direction and simply concentrates on the sequence of numbers.  In reality, a sequence of 1 2 3 4 -5 is not the same as 1 2 3 4 5.  It will require one more inversion of the -5 to obtain the +5 direction.  Taking both sequence and direction into account is an excellent extension exercise and tie-in to graph theory.  (See DIMACS module ??)
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http://www.ornl.gov/hgmis
The numbers on the mouse chromosome represent the human chromosome that has a similar but perhaps inverted sequence.  The human genome can be cut into approximately 150 pieces and reassembled into a close approximation of the mouse genome via these inversions and then placement on a different chromosome number.
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Notes for the Teacher

Before the lesson: Introduce the game in the sponge activity and allow students to play, either on the computer, by hand, or with other manipulatives like playing cards.  Students should play the game individually or in groups until they are comfortable with the rules and are starting to approach the game with some strategy.  The game may even be introduced earlier in the year, allowing students several opportunities to play.

Activity one: Sponge activity 

Purpose: Students will gain confidence using the inversion method of rearrangement and develop their own algorithm.

Materials: 
seven decks of cards



overhead playing cards (optional)



Overhead 1.

Time required: 50 minutes

Stage 1:

Place the three cut out strips from Overhead 1 on the overhead in the order…

IWO       ISS       ON

Inform the students that the three strips can be reassembled to form a word.  However, they may only “rotate” individual strips – not reorder the strips. In other words, ON could be rotated to make NO, but the first two strips could not be ordered to form ISS   IWO.


Have the students rotate individual pieces until the word OMI  SSI  ON is formed.

This was not too difficult because the word was only broken into three pieces and the places where the breaks occurred, known as break points, were already given.  But, what if the break points were not known?  Or better yet, could there be more than two break points?

Stage 2:

Get out the cards and deal out the sequence 5 2 1 4 3 (the “1” is the Ace) to every group of two students, and draw the sequence 1 2 3 4 5 on the board (or use the overhead cards).   Ask the students if their sequence contains the same information as the one on the board.  Mention that the suit and color of the card does not matter.   Use Overhead 2 to show one way of using inversions to obtain the desired sequence strip.  Ask the students to come up with other possible solutions to get  1 2 3 4 5 and to record their moves using Worksheet 1.

Check for understanding.  

Have each group present their answer on the board.  Have the students do Student Worksheet 2 and remind them that the best answers will be presented the next day.

Teacher note: Below is the best possible answer.  The algorithm to generate it will be done in the next lesson. 

Using underlines to indicate rotation strip, the best inversion process is…

Initial Sequence

5 2 1 4 3

Transformation 1

1 2 5 4 3
Transformation 2

1 2 3 4 5       (matches desired strip)

Mouse to Human Inversion Activity

1.  Give students the Inversion Activity sheet as a follow-up to the sponge activity.

2.  Allow 5-10 minutes to attempt the conversion.

3.  Show the solution using numbers.

One optimal scenario (4 inversions)

1 7 6 10 9 8 2 11 3 5 4 = start sequence

1 7 6 10 9 8 2 3 11 5 4

1 7 6 10 9 8 2 3 4 5 11

1 7 6 5 4 3 2 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11 = identity sequence


Below is the solution using an Internet applet (link included).  Note the negative numbers are irrelevant to this module and the teacher likely does not want to include them in the solution shown to the students.  The solution above has omitted the negative signs.  When the sign is taken into consideration it actually takes 11 steps to reach the identity sequence. See the Internet applet to display this solution.  The use of signs is introduced in the extension activity.

One optimal reversal scenario

	Step 
	Description

	0
	(Source)
	
	
	1
	
	7
	
	6
	
	10
	
	9
	
	8
	
	2
	
	11
	
	3
	
	5
	
	4
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	1
	Reversal
	
	
	1
	
	7
	
	6
	
	10
	
	9
	
	8
	
	2
	
	-3
	
	-11
	
	5
	
	4
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	2
	Reversal
	
	
	1
	
	7
	
	6
	
	10
	
	9
	
	8
	
	2
	
	-3
	
	-4
	
	-5
	
	11
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	3
	Reversal
	
	
	1
	
	7
	
	6
	
	5
	
	4
	
	3
	
	-2
	
	-8
	
	-9
	
	-10
	
	11
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	4
	Reversal
(Destination)
	
	
	1
	
	2
	
	-3
	
	-4
	
	-5
	
	-6
	
	-7
	
	-8
	
	-9
	
	-10
	
	11
	


http://nbcr.sdsc.edu/GRIMM/grimm.cgi#report
4.  Label the identity sequence as the human x-chromosome and reinforce that the only difference between the two is a series of inversions (no other changes)

5.  Tell the students the start sequence also represents an actual organism and have them guess what species they think that sequence represents (remember, only four inversions separate the two species).

6.  Due to the few changes needed to convert one sequence to another most students would guess animals such as an ape or chimpanzee.  After some discussion about their choices tell them it is the mouse x-chromosome.

7.  Show the students the entire mouse vs. human genome (overhead included) and explain that it is possible to divide the entire human genome into 150 pieces and, through simple inversions, rearrange these segments to build a close approximation of the entire mouse genome.

8.  Discuss the fact that this data can be used to help determine phylogenetic trees of organisms to determine their common ancestry and genetic relatedness.  An example is included – Sample Phylogenetic Tree (can be shown on overhead).

9.  A practice activity called Phylogenetic Tree Creation is also included but should be conducted after the students learn the correct algorithm.  This will allow them to practice the algorithm and revisit the importance of the mathematics to biology.  There should be access to at least one color picture of the frillneck lizard so the students can create more interesting pictures of its ancestors.  Alternatively, the students can find pictures on the Internet.  Two pictures of the frillneck are included.

Developing an algorithm:

Questions 1-3 ask students to reflect on their approach to the inversion problem.  An easy strategy is to rotate the 1 into the first spot, the 2 into the second spot, and so on, usually ending with rotating the second to last card into its spot (which automatically places the last card correctly).  The questions that follow assume that the students are using this approach, but the teacher may choose to have the class analyze a different strategy.

Questions 4-6 ask students to write an algorithm to transform a sequence, although you could do this as a group or whole class activity.  Question 7 is intended as quick practice.

Analyzing the algorithm:  Questions 8-11 are intended for class discussion to bring out the idea that all sequences can be transformed into the identity sequence.  In fact, with the algorithm, the maximum inversion number for a sequence of n numbers is n-1.  Questions 12-14 are a transition to using a more efficient algorithm and may need to be assigned as homework.  For question 12, the first algorithm requires 3 inversions, but the identity sequence can be achieved using only two inversions.

The class is now working with the idea that the first algorithm does not always yield the optimal solution.  This is a good place to introduce and use the vocabulary of optimization – in this case, the optimal solution will use the smallest number of inversions.

Several new vocabulary words are introduced in this section and students may need extra time and spiraling to achieving mastery.  Consider using additional examples such as: identify breakpoints and increasing and decreasing strips in the sequence 3 4 1 5 6 2.  Use examples to remind students that a strip with one number is defined as decreasing, there is a breakpoint at the beginning of a sequence unless the 1 is in the first position and there is a breakpoint at the end of a sequence unless the highest number is in the final position.

Two practice problems are given in the student pages.  A website that will help the teacher easily generate additional questions is http://nbcr.sdsc.edu/GRIMM/grimm.cgi.  A tutorial is provided on page 14 of the module.  Since the website is an easy tool to use, solutions to some of the student problems are not included in this module.

Question 15 is given for practice.  Suggested homework exercises are 1-5, 1, 12, 17-20.

Once students are comfortable applying the new algorithm, they can explore its efficiency and apply the mathematics to biology questions about gene mutations and similarities between species.

Questions 16-20 are intended to lead to a lower bound for the new algorithm.  In the best case, a rotation can eliminate 2 breakpoints.  For example, if a sequence has 8 breakpoints, the best case would require at least 4 inversions to reduce to zero breakpoints (the identity sequence).  Students can generalize this idea to develop the lower bound of 
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.  The teacher should raise the question of having an odd number of breakpoints and revise the formula with a ceiling function.

Extensions: Two interesting extension problems are included at the end of the student worksheet section.

GRIMM

Genome Rearrangements In Man and Mouse

http://nbcr.sdsc.edu/GRIMM/grimm.cgi

GRIMM is a powerful tool for analyzing rearrangements in pairs of genomes.  It can be used to analyze reversal scenarios between pairs of genomes.  To get started, open a web browser and navigate to the link above.  Since the program itself is very powerful, the interface may seem fairly cluttered.  However, this lesson will only be using a few features for the purpose of this module.

Complete the following steps to determine a reversal scenario for the sequence    7 6 3 4 5 1 2.

1) Type the sequence 7 6 3 4 5 1 2 into the Source Genome box.

2) Type the sequence 1 2 3 4 5 6 7 into the Destination Genome box.

3) Click the Linear (directed) radio button.

4) Click the unsigned radio button.

5) Click Run.

 
After running the program, the screen below should appear.  The area of interest is the matrix at the bottom.  The rows in the matrix represent intermediate steps in the evolution from the source sequence to the destination sequence.  The underlined strip of numbers represent the portion of the sequence that was inverted in each step.  For example, in the first step of the scenario below, the strip 1 2 was inverted.  Notice that after the inversion these values became –2 –1.  The negative notation indicates that the orientation of each gene has been reversed.  For this module, any changes in orientation of individual genes are not considered.  Therefore, disregard the sign of any number in the program output.  Note that the given scenario uses three reversals.  This is only one optimal scenario.  There may be others. 



Reverso is a computer game designed to prepare your students for the concept of inversion in gene mutations.  The basic goal of the game is to have students transform one sequence of colors into another sequence using a series of subsequence inversions.  The game is distributed free of charge and you are welcome to make modifications and improvements.


Reverso was written using the LOGO computer language.  A free version of MSWLogo can be downloaded from http://www.softronix.com/logo.html.   The game file can be downloaded from http://home.adelphia.net/~dreamr/reverso/index.htm.  After installing MSWLogo, you must extract the Reverso game file.  

Instructions: To run the game, open MSWLogo and choose “Load…” from the “File” menu.  Select “reverso2.lgo” and click “Open”.  At this point you may wish to minimize the Commander screen.  When the colored circles stop flashing, press enter to start the game.  The user will input the number of colors they wish to use in the string.  Any number of colors up to 13 may be used.  A sequence of colors will be displayed representing the identity sequence.  A second sequence of colors will be displayed which must be transformed into the identity sequence.   Players will be asked to input 2 numbers representing the breakpoints between which the subsequence will be inverted.  These breakpoints are numbered 1, 2, 3, …n + 1 where n is the number of colors being used.  For example, entering the breakpoints 1 and 4 would result in the subsequence from the first through the third colors being inverted.  While playing the game, you can scroll up or down by pressing “u” or “d” and then “enter” in the Sequence Cuts window.  When a player wins the game a message is displayed.  To play again, simply restore the Commander window and type “reverse” in the white area at the bottom, then press “enter”.

Worksheet 1

Find a fewest number of inversions to sort the sequence into 1 2 3 4 5 
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Worksheet 2

Sort the following sequences into the identity sequence 1 2 3 4 5 6

	2
	1
	4
	3
	6
	5
	 
	6
	5
	3
	2
	1
	4
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	4
	1
	2
	3
	5
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Inversion Activity

Name:










Date:

Directions:  Convert the following sequence into its identity sequence in the fewest possible steps using only inversions.  


[image: image9]
For example, your first step could be….


Transforming a sequence using an algorithm

Name___________________________

Think about and discuss the following questions about transforming a sequence.

1. Are the problems easy or difficult?  What makes a sequence easier or more challenging to transform?

2. Explain a method or approach to the problem of transforming a sequence.

3. Can every sequence be transformed into the identity sequence using only inversions?  Develop a convincing argument why the answer is yes or show that the answer is no by giving a counterexample.

Creating an algorithm

Definition  An algorithm is a step-by-step set of rules used to solve a given problem in a finite number of steps
Following an algorithm is often more successful and less frustrating than using trial and error.  The next task is to develop and analyze an algorithm to transform a given sequence into the identity sequence.  The algorithm will consist of a set of directions that anyone could follow to successfully transform a given sequence. 

4.  Imagine that someone has asked you how to transform a sequence.  Write a set of directions that could be followed to complete the task successfully.  This set of directions is an algorithm.

5.  Use someone else’s algorithm to invert the sequence 2 3 4 1 6 5.  Give feedback on the clarity and correctness of the algorithm.

6.  Use the feedback you receive to edit the algorithm developed in question 4.

7.  Use the algorithm to transform the following sequences.  How many inversions are needed for each one?  This number is called the inversion distance.

a.  3 5 4 1 2 6

b.  6 3 5 2 1 4 

c.  2 4 6 7 5 3 1

Analysis of the algorithm

The questions below may be easier to answer or understand with an algorithmic approach to the problem of transforming a sequence.

8.  Can every sequence be transformed into the identity sequence using only inversions?
9.  What is the minimum number of inversions that may be needed to transform a sequence?
10. What is the maximum number of inversions that may be needed to transform a sequence of length

a. 4?

b. 5?

c.  8?

d.  n?

11. The number found in question 10 is called an upper bound.  Explain how to determine the upper bound for the algorithm.

One question that mathematicians ask is “Is my solution optimal?”  This means “Could I have done better?”  The optimization question for these problems involves achieving the transformation with the smallest number of inversions.

12. Use the algorithm to transform the sequence 7 6 5 4 3 1 2.  

13. How many inversions were needed?

14. Find a transformation that uses fewer inversions.  What does this imply about the algorithm?

A new algorithm

A different approach may yield a better result.  The new algorithm requires familiarity with the following vocabulary.

A breakpoint of a sequence of n numbers occurs at the following places:

· before the first number of a sequence, unless the first number is 1

· after the last number of a sequence, unless the last number is n

· between nonconsecutive numbers.

The number of breakpoints of a sequence is denoted as 
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 is the given sequence. For the sequence 3 4 8 7 6 1 2 5, 
[image: image12.wmf](

)

5

p

F=

.  The sequence and breakpoints are drawn as

| 3 4 | 8 7 6 | 1 2 | 5 |.  

For the sequence 3 4 7 6 5 1 2 8, 
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 (drawn as | 3 4 | 7 6 5 | 1 2 | 8).  

Why is there no breakpoint at the end of that sequence?

Breakpoints separate a sequence into subsequences called strips.  A strip is increasing if it contains numbers that increase by 1 when read from left to right (example: 3 4 5 ).  A strip is decreasing if it contains numbers that decrease by 1 (example: 7 6 5 4 ).  A strip with exactly one number is considered decreasing.  
For example, the sequence | 3 4 | 8 7 6 | 1 2 | 5 | contains two decreasing strips and two increasing strips.  The sequence | 3 4 | 7 6 5 | 1 2 | 8 also has contains two decreasing strips and two increasing strips.  Which are the two decreasing strips?

Improved Algorithm for transforming a sequence of n numbers into the identity sequence.

0) If there is no decreasing strip, create one by doing one of the following:

a. If 1 is not in the first position, invert the first increasing strip OR

b. If n is not in the last position, invert the last increasing strip OR

c. Invert the strip between the first and second breakpoints after 1.

1) Find the lowest number that is in any decreasing strip.  Call this number x.
2) If x is 1 and x is not in the first position, invert the subsequence from the first position through 1.   (This will put 1 in the first position.)  Otherwise, invert the subsequence that results in x and 
[image: image14.wmf]1
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 being adjacent. (This subsequence must have breakpoints at each end).

4. Repeat steps 1 through 3 until you have the identity sequence.

Apply the new algorithm to the transformation of each sequence below.  Show each inversion and note which step of the algorithm is being applied.



3 4 5 1 2


4 6 3 2 1 5 



15. Use the new algorithm to transform the sequences below.  How many inversions are needed for each one?

a.  3 5 4 1 2 6

b.  6 3 5 2 1 4 

c.  2 1 4 6 3 5 7 

d.  2 4 6 7 5 3 1 

Analysis of new algorithm
16. Is this algorithm better or worse than the first one that was developed?  Why?

17. In step 3b of the algorithm, x and x-1 become adjacent.  What would happen if they were adjacent before the inversion?

18. Explain why step 3 always decreases the number of break points by at least 1. 

19. In what case(s) does step 3 decrease the number of break points by more than 1?  More than 2?  What is the largest number of  break points that one step can eliminate?

20. The lower bound is the smallest possible number of steps necessary to invert the sequence.  Explain why this value denoted equals 
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Exercises

For each of the following sequences, place vertical slashes at each breakpoint.

1)  1 4 3 2 5


2)  1 2 3 4 5


3)  4 3 5 2 1 6

4)  3 2 5 6 4 1 


5) 7 8 6 5 4 3 2 1



Calculate 
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 for each sequence, 
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, below.

6)  
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5 4 3 2 1

7)  
[image: image19.wmf]=

p

1 2 5 4 3 

8)  
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p

3 5 6 4 2 1

9)  
[image: image21.wmf]=

p

1 3 2 6 4 5

10) 
[image: image22.wmf]=

p

3 1 2 4 8 7 5 6

For each of the following sequences, place vertical slashes at each breakpoint and label each strip as either increasing or decreasing.

11)  3  4  6  5  12  8  9  11  7  1  2  10

12) 4  5  1  2  3  8  9  7  6

13)  1  2  3  20  14  18  19  7  8  9  13  5  4  6  11  12  10  17  16  15

Calculate the lower bound for the inversion distance in each sequence below.

14)  3  2  5  6  7  4  1  8


15)  3  2  5  7  4  6  8  1

16)  4  5  2  1  6  3  8  7  9


17)  3  2  1  5  4  8  9  7  10  12  6  11

Use the algorithm given in the worksheet to show how the given sequences can be changed into the identity sequence using inversions.  Be sure to show each step using one inversion in each.

18)  2  3  4  1  5



19)  5  1  2  3  4  6

20)  1  3  2  5  7  4  6  8


21)  4  5  2  1  6  3  8  7  9

22)  1  2  3  6  7  8  4  5

Theory

23) Explain why the identity sequence has no breakpoints.

24) Can a sequence have exactly one breakpoint?  Explain.

25) Write a sequence that has exactly two breakpoints.

26) Write a sequence with four breakpoints that has no decreasing strips.

27) Assuming that the standard alphabet is the identity sequence, find the lower bound for the inversion distance of the following sequence.

a b c d e f j k l m p q r s u v z i h g n o t w y x

28) Is it possible that a mutation by inversion is a good thing for an organism?  Explain.

29) Draw a flowchart for the algorithm given in the worksheet.

Name:










Date:

Phylogenetic Tree Creation

You are a biomathematic graduate student conducting research in the Amazon Rain Forest.  One day you are lucky enough to stumble upon a previously undiscovered creature.  To name this creature (perhaps after yourself () it is important to determine its place on the evolutionary tree of life.  After sequencing a section of chromosome 6 you use a computer to look for matches to any known species.  The computer finds that the genes from chromosome 6 correspond to the genes in the frillneck lizard but they are not in the same order.  Your task now is to create a phylogenetic tree to show the relationship between the newly discovered creature and the frillneck for your local Natural History Museum.  The museum would also like to create a display of your findings using model creatures.  Therefore, a drawing of the phylogenetic tree complete with pictures is needed.  The order of genes is as follows:

New creature:  7 9 3 5 2 1 8 4 6

Frillneck lizard (Chlamydosaurus kingii):  1 2 3 4 5 6 7 8 9

Frillneck Lizard

	[image: image23.jpg]



	[image: image24.jpg]





Solutions to Student Activity Page
5) 
2 3 4 1 6 5


7a) 
3 5 4 1 2 6




    
1 4 3 2 6 5

      

1 4 5 3 2 6



    
1 2 3 4 6 5

      

1 2 3 4 5 6



    
1 2 3 4 5 6 



number of inversions  = 2




number of inversions  = 3




7b) 
6 3 5 2 1 4


7c) 
2 4 6 7 5 3 1




1 2 5 3 6 4

      

1 3 5 7 6 4 2




1 2 3 5 6 4

      

1 2 4 6 7 5 3




1 2 3 4 6 5

      

1 2 3 5 7 6 4




1 2 3 4 5 6

      

1 2 3 4 6 7 5




number of inversions  = 4
      
1 2 3 4 5 7 6

      

1 2 3 4 5 6 7








number of inversions  = 6

Solutions to exercises.

1)  1 | 4 3 2 | 5


2)  no breakpoints
3)  | 4 3 | 5 | 2 1 | 6

4)  | 3 2 | 5 6 | 4 | 1 |

5) | 7 8 6 5 4 3 2 1 |



6)  | 5 4 3 2 1 |

7)  1 2 | 5 4 3 | 

8)  | 3 | 5 6 | 4 | 2 1 |
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9)  1 | 3 2 | 6 | 4 5|

10)  | 3 | 1 2 | 4 | 8 7 | 5 6 |
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11)  | 3  4 | 6  5 | 12 | 8  9 | 11 | 7 | 1  2 | 10 |

           I        D     D     I      D   D    I      D

12)  | 4  5 | 1  2  3 | 8  9 | 7  6|

           I           I        I        I

13)  1  2  3 | 20 | 14 | 18  19 | 7  8  9 | 13 | 5  4 | 6 | 11  12 | 10 | 17  16  15 |

            I       D     D        I          I         D     D    D      I        D           D

14)  |3  2 | 5  6  7 | 4 | 1 |  8


15)  |3  2 | 5 | 7 | 4 | 6 | 8 | 1 |
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16)  | 4  5 | 2  1 | 6 | 3 | 8  7 | 9


17)  |3  2  1 | 5  4 | 8  9 | 7 | 10 | 12 | 6 | 11 |
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	18)  | 2  3  4 | 1 | 5

       1 | 4  3  2 | 5

        1  2  3  4  5

20)  1 | 3  2 | 5 | 7 | 4 | 6 | 8

        1  2  3 | 5 | 7 | 4 | 6 | 8

        1  2  3  4 | 7 | 5  6 | 8

        1  2  3  4 | 7  6  5 | 8

        1  2  3  4  5  6  7  8

22)  1  2  3 | 6  7  8 | 4  5 |

        1  2  3 | 6  7  8 | 5  4 |

        1  2  3  4  5 | 8  7  6 |

        1  2  3  4  5  6  7  8
	19)  | 5 | 1  2  3  4 | 6

        | 5  4  3  2  1 |  6

         1  2  3  4  5  6

21)  | 4  5 | 2  1 | 6 | 3 | 8  7 | 9

        1  2 | 5  4 | 6 | 3 | 8  7 | 9

         1  2  3 | 6 | 4  5 | 8  7 | 9

         1  2  3 | 6  5  4 | 8  7 | 9

         1  2  3  4  5  6 | 8  7 | 9

         1  2  3  4  5  6  7  8  9


23) It begins with 1 and ends with the largest number and all internal values differ by one from their neighbors.

24) No.  

Case #1: If there is a breakpoint at an end of a sequence, then there must be an internal pair of values that differ by more than one creating another breakpoint.  

Case #2: If there is a breakpoint in the interior of a sequence, then there are two values that differ by more than one.  This creates two strips, one to the left of the breakpoint and one to the right.  If this were the only breakpoint, then the strip to the left would have to be increasing (in order to start at one), and the strip to the right would also have to be increasing (in order to end with the largest number.)  This however is impossible since this would only occur in a sequence that is already in order.  Therefore there must be another breakpoint somewhere.

25) 5  4  3  2  1  Actually, any decreasing sequence will work.

26) 1  2  7  8  5  6  3  4  Other answers are possible.

27) a b c d e f | j k l m | p q r s | u v | z | i h g | n o | t | w | y x |
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28) Yes.  This is called evolution.  Numerous organisms exist today that have gone through many mutations.

29)

Extensions

You may have noticed that any inversion transformation has been possible.  This however is not always the case.  In July 2004, a team of researchers from the Department of Genetics and Microbiology at the Universitat Autònoma de Barcelona (UAB) discovered that transposons, small DNA sequences that travel through the genomes, can silence the genes adjacent to them (published in the journal Proceedings of the National Academy of Sciences (PNAS). 
“Transposons are repeated DNA sequences that move through the genomes. For a long time they have been considered as a useless part of genetic material, DNA leftovers. However, it is more and more clear that transposons can cause favorable changes for the adaptation and survival of the organism” 

(http://news.biocompare.com/newsstory.asp?id=44536, 2004)

This is interesting, because transposons represent 45% of the genetic material in DNA.  Almost half of the possible inversions would contain transposons, and their break points.  If an inversion suddenly places a transponson next to a gene necessary for life (regulates heart rate/ breathing rate) the effects would be terrible for the possible offspring.  Taking this in mind, pretend there is a transposon at the end of gene 3, and death results in the organism’s descendants if gene 5 if turned off. Find the inversion that would transform into the original identity sequence with out ever placing gene 3 adjacent to gene 5.




14253

Name:







Date:

Extension 2

When genes are actually inverted in an organism they not only change position but read ‘backwards’ within the chromosome.  This is best illustrated if one gene is inverted.  For example, in the sequence ABMCD, if the M is removed, rotated 180° and reinserted in the same spot it would actually lead to ABWCD.  Note the M is now ‘upside down’ and becomes the W.  In a longer inversion it would look like the following where BMC is inverted. 


  


[image: image35] 

In mathematical notation the change above would be represented as

1 2 3 4 5                       1 -4 -3 -2 5

Note the negative signs denote a gene that is now positioned ‘backward.’  Therefore, in reality a sequence of 1 2 3 4 -5  is not the same as 1 2 3 4 5.  It will require one more inversion of the -5 to obtain the +5 direction.  Taking both sequence and direction into account is a much more interesting and realistic problem.

For example, to convert  2  -3  -4  5  -1  into the sequence 1 2 3 4 5, the following inversions would be performed

2  -3  -4  5  -1  =  start

2  3  -4  5  -1

2  3  4  5  -1

-5  -4  -3  -2  -1

1  2  3  4  5 = identity

Note that you can not follow the same algorithm used in this module to complete these problems.  In fact, an intriguing mathematical concept known as graph theory is used to determine the solution to this problem.  But that is a story for another day.  In the meanwhile, see if you can convert the following sequence:

-3  4  -1  2  5  =  start

1  2  3  4  5  =  identity

This concept can also be seen in the actual version of the mouse to human rearrangement sequence.

Mouse:  1  -7  6  -10  9  -8  2  -11  -3  5  4

Human: 1  2  3  4  5  6  7  8  9  10  11

This rearrangement can be done in 7 steps.  Can you find the solution? 

Overhead 1
Cut out the following three strips

	I
	W
	O
	
	I
	S
	S
	
	O
	N


Overhead 2

Model for rotations

The underlined portion indicates what strip was rotated

Given Sequence 


5 2 1 4 3

Rearrange to 



1 2 3 4 5

Transformation 0

5 2 1 4 3
Transformation 1

5 2 1 3 4

Transformation 2

5 1 2 3 4
Transformation 3

5 4 3 2 1
Transformation 4

1 2 3 4 5 




Mutation by inversion in 

Drosophila pseudoobscura

The Standard (ST) arrangement of the third chromosome is characterized by a particular polytene banding pattern. A paracentric inversion involving about a third of the chromosome produces the Arrowhead (AR) arrangement.

http://www.mun.ca/biology/scarr/Drosophila_inversion_loop.htm
Inversion in 

Drosophila subobscura 


http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1415-47572002000400007


[image: image36]
Sample Phylogenetic Tree

1 3 2 5 7 4 6  

             1 2 3 4 5 6

The inversion sequence

1 3 2 5 7 4 6 = start sequence
1 2 3 5 7 4 6

1 2 3 5 6 4 7

1 2 3 6 5 4 7

1 2 3 4 5 6 7 = identity sequence
The start sequence and identity sequence represent two currently living organisms.  The question is… How related are they?  As noted from the inversion sequence above, they are only separated by four inversions.  From an evolutionary perspective there are two basic interpretations of this data.

1. One sequence arose from the other through the series of inversions

2. Both sequences (start and identity) shared a common ancestor which can be located within the intermediate inversion steps.  This is the more likely scenario.

If a tree is created to represent scenario 2 it might look like this


[image: image37]
Could you create another tree that is consistent with this data?

Improved Algorithm


1)   If there is no decreasing strip, create one by doing one of the following:

a. If 1 is not in the first position, invert the first increasing strip OR

b. If n is not in the last position, invert the last increasing strip OR

c. Invert the strip between the first and second breakpoints after 1.

2)   Find the lowest number that is in any decreasing strip.  Call this number x.
3) If x is 1 and x is not in the first position, invert the subsequence from the first position through 1.   (This will put 1 in the first position.)  Otherwise, invert the subsequence that results in x and 
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 being adjacent. (This subsequence must have breakpoints at each end).

4)   Repeat steps 1 through 3 until you have the identity sequence.


|3 4 5 | 1 2 |



apply step 1 of algorithm


| 5 4 3 | 1 2 |




apply step 3


| 5 4 3 2 1 |



apply step 3


1 2 3 4 5


(number of inversions = 3)


| 4 |  6 | 3 2 1 | 5| 




step 3


1 2 3 | 6 | 4 5 | 




step 3


1 2 3 | 6 5 4



step 3 


1 2 3 4 5 6 7 


(number of inversions = 3)

A





B





C





D





E





A





D





C





B





E





F





F





Centromere  





Centromere  





� HYPERLINK "http://www.msu.edu/~lattasch/inversion.html" ��http://www.msu.edu/~lattasch/inversion.html�








1 2 3 4 5





1 4 3 2 5





New gene sequence





Strip to be inverted





centromere





centromere





No





Create a decreasing sequence by rotating an entire strip





Yes





Start





Yes





No





No





Yes





Rotate a strip to place x-1 value adjacent to x





Rotate strip to place the 1 (x) in the first position





Is "1" in the first position?





Is there a decreasing sequence present?





Done





Is strip the identity sequence?





1 2 3 5 6 4 7





1 2 3 5 7 4 6





1 3 2 5 7 4 6





1 2 3 6 5 4 7





1 2 3 4 5 6 7
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