MITOSIS AND MEIOSIS

Open the plastic bag containing the red and yellow bead models of chromosomes.  Empty the contents onto the benchtop.  Locate these parts:

a. 4 small, short plastic cylinders -  to represent centrioles

b. roll of scotch tape - to anchor the centrioles to the benchtop

c. spool of thread - to function as spindle fibers

d. 4 bead strings (2 yellow, 2 red) - to represent chromosomes.

The chromosomes:

	Refer to the drawing to see that your chromosomes are as shown.  

1. Each is all red OR all yellow; no mixing of colors.

2. Each should have 15 beads on either side of the centromere, which is represented by a magnet within soft tubing.  The bead connector at the end of each 15-bead string fits into the rubber of the centromere.

3. Any beads missing?  Get a spare from the TA. 

4. Lay the 4 chromosomes side by side to insure that they are the same length.
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Red and yellow represent homologous chromosomes.  One red chromosome and one yellow chromosome represent one homologous pair.  Each is the homologue of the other.   The centromere could be located somewhere other than the center of the chromosome, but it must be at the same place on both homologues of the pair.  We might imagine that in some very simple eukaryotic species the diploid number is only 2 (i.e. one homologous pair), rather than 46 as in humans (23 homologous pairs).  

Preparation for cell division (interphase)

The diploid chromosome number here is 2, i.e. 2N = 2 (one red and one yellow chromosome).  Recall that in preparation for mitosis each chromosome is duplicated during interphase.  To simulate that, place the 2 red chromosomes side by side such that their centromeres stick to each other (magnetically); these two are identical.  See drawing below.  Then do likewise with the yellow pair (which are identical to each other), but keep the yellow apart from the red.  Grasping the red pair by the centromeres, pick up the pair of chromosomes.  Except where they are physically attached to each other at the centromere, these two identical chromosomes may twist and curl and even twine around each other; but they are not attached to each other except at the centromere.
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Identical red chromosomes attached at centromere
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Identical yellow chromosomes attached at centromere


At the moment these 4 chromosomes (one duplicated homologous pair) would be located inside the cell's nucleus.  As your textbook tells you, the chromosomes would not yet be so highly shortened and condensed.  The centrioles (in species that have them) would lie together just outside the nucleus.

Mitotic cell division (= mitosis + cytokinesis)

Prophase:

1. The chromosomes condense and shorten, appearing now as you have them constructed.  The red pair are separate from (not attached to) the yellow pair.  Place the pairs near each other on the bench.  Imagine the enclosing nuclear membrane.

2. As the nuclear membrane is dismantled, the two centrioles would migrate away from each other in the cell's cytosol.  They will take up positions to anchor the opposite ends of the spindle apparatus; position them as in the drawing.  [You need only two of the centrioles in the kit for mitosis.]

	Use the tape to anchor the centrioles to the benchtop, about  2 feet apart, with their open ends facing each other.   
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                       (Not drawn to scale)


Read what your textbook says about the role of centrioles in cell division.  For the present exercise we will view the centrioles as organizing structures at which the spindle fibers of the spindle apparatus converge.  Each spindle fiber will be attached at one end to a chromosome and at the other end to a centriole.  In metaphase of mitosis the chromosomes will lie about midway between the two centrioles.

3. Cut 4 lengths of thread, each about 2 feet long, to simulate spindle fibers.  

Metaphase:
1. Carefully tie one end of a thread around the middle of the centromere of one red chromosome.  You'll have to separate the 2 red chromosomes for a moment to do this.  Then tie a second thread around the middle of the centromere of the other red chromosome.  Realign the 2 red ones so that their centromeres reattach, forming the identical red pair again.  Now repeat this procedure to tie a new thread to the centromere of each yellow chromosome; then put the yellows together again as a pair.

2. (Refer to the metaphase drawing below.)  Place the red pair of chromosomes on the bench about midway between the anchored centrioles.  Run the free end of one red chromosome's thread through the left centriole and the free end of the other red chromosome's thread through the right centriole.   Place the yellow pair about midway between the centrioles, making sure that the red and yellow are kept a few inches apart.  Then run the threads from the yellow chromosomes through the centrioles: one thread through the left centriole and one thread through the right centriole. 

Anaphase:  

Now you will simulate the separation of chromosomes by pulling the threads (spindle fibers).  Actually the spindle fibers would be dismantled at the centrioles, rather than pass through them.  (Refer to the anaphase drawing below.)
1.With your right hand grasp the free ends of the 2 threads sticking out the end of the right centriole. With your left hand grasp the free ends of the 2 threads sticking out the end of the left centriole.
2. Gradually pull the threads (left and right hands in opposite directions) to break the magnetic attraction of the paired centromeres, and then continue to pull the individual chromosomes to the opposite poles of the spindle apparatus.

3. Note what has been separated from what.  The identical red chromosomes have been separated; one is now at each centriole.  Likewise, the identical yellow chromosomes have been separated; one is now at each centriole.

Telophase:

1.  If there were any remaining (unused) spindle fibers, those would be dismantled now.  Untie the threads from each chromosome.

2.  A new nuclear membrane would now be constructed to enclose the pair of chromosomes at left and at right.  Note that each pair is one red and one yellow, i.e. a homologous pair.  The centriole would again lie just outside the new nuclear membrane.
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metaphase of mitosis
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anaphase of mitosis


Cytokinesis:  At this point mitosis is finished, but there is still only one cell.  Refer to your text for the details of division of the rest of the cell's contents (that's cytokinesis) by formation of a cleavage furrow (animal cells) or a cell plate (plant cells).

Summary:  The parent cell containing one homologous pair of chromosomes (2N = 2) has become 2 daughter cells, each genetically identical to the other and to the parent cell.  Each daughter cell contains the same homologous pair that the parent cell contained.  So, mitosis keeps the number of chromosomes constant  and the type of chromosomes (red/yellow) constant from one cell generation to the next.

Meiotic cell division (= meiosis + cytokinesis)

As in preparation for mitosis, each chromosome is duplicated during interphase as the cell prepares for meiosis.  Watch for the important differences between mitosis and meiosis.  You will need 2 centrioles in the first half of meiosis (prophase 1 through telophase 1)  but 4 centrioles in the second half (prophase 2 through telophase 2).

Prophase 1:
Unlike prophase of mitosis, the duplicated homologous chromosomes associate themselves with one another as a tetrad, a foursome.  Lay the 2 identical red ones side by side with the 2 identical yellow ones.  This is a tetrad; remember that red is homologous to yellow.  The 4 chromosomes may twist and wrap around one another in this tetrad condition.   Tetrad formation did not occur in mitosis prophase.  The nuclear membrane would be dismantled now and a pair of centrioles, which had been lying just outside the nucleus would separate and begin to move apart.  The spindle fibers would begin to form.

Metaphase 1:  Refer to the metaphase 1 drawing below.

1. Place the tetrad about midway between 2 centrioles that are anchored on the benchtop about 2 feet apart. 

2. Tie a 2-foot-long piece of thread, representing a spindle fiber, around the middle of both centromeres of the identical red chromosomes.  Run the other end of the thread through one of the centrioles.

3. Tie a second 2-foot-long thread around both centromeres of the identical yellow chromosomes.

If there were another homologous pair in the cell (say, a short red and a short yellow), then after being duplicated they would form another tetrad, which also would lie midway between the centrioles.  With the long red-yellow tetrad already attached to spindle fibers, the short red-yellow tetrad would position itself independent of the long red-yellow tetrad.  That is, it could lie with short red facing left and short yellow facing right OR with short yellow facing left and short red facing right.  The way the long red-yellow tetrad lies would not influence the way the short  tetrad lies.   So, there would be two different assortments (=arrangements) of the 2 tetrads, and those different assortments would produce different chromosome combinations in the gametes when meiosis is finished.   This is the principle of independent assortment:  the orientation of each tetrad in metaphase 1 is independent of the orientation of all other tetrads.  This is short in a drawing at the end of this guidesheet (see below).
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metaphase 1 of meiosis
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anaphase 1 of meiosis


Anaphase 1:  Refer to the anaphase 1 drawing above.

Grasp the free ends of the two threads (spindle fibers), at the centrioles, and pull in opposite directions.  As you do, both yellow chromosomes will move in one direction while both red chromosomes move in the opposite direction.  In other words, the homologous chromosomes are separated (red from yellow) from each other in anaphase 1.  This is the principle of independent segregation:  for every homologous pair, the homologues are separated from each other.  Stated another way, it is the separation of alleles from each other at every locus.  That did not happen in mitosis.

Telophase 1:
1.  If there were any remaining (unused) spindle fibers, those would be dismantled now.  Untie the threads from each of the identical chromosome pairs.

2.  New nuclear membranes would now be constructed to enclose the separated chromosomes: one enclosing the 2 identical reds and another enclosing the 2 identical yellows.  The centriole would again lie just outside each new nuclear membrane.

Cytokinesis:  At this point cytokinesis would occur by formation of a cleavage furrow (animal cells) or a cell plate (plant cells), as described in your textbook, to produce two cells.

Halfway point summary:  At this point each new cell contains 2 chromosomes, which is the original number.  So, meiosis has not yet reduced the number by one-half; but we know it's supposed to.  That is still to come.  However, these 2 cells are genetically different because they contain different homologues (i.e. potentially different alleles for every locus).   

Then looking ahead to the second half of meiosis:   in each of these 2 cells, the identical chromosomes (sister chromatids, as they are also known) will be separated into different cells.  There is no additional duplication of chromosomes here.  Each cell now undergoes prophase 2, metaphase 2, anaphase 2, telophase 2, and cytokinesis.

Prophase 2:  The nuclear membrane is dismantled and the spindle fibers begin to form as the centrioles move apart toward opposite sides of the cell.  You need to anchor (with the tape) a second set of centrioles to the benchtop, since you have 2 cells dividing now simultaneously.

Metaphase 2:  Refer to the metaphase 2 drawing below.

1. Lay the identical red chromosome pair midway between one pair of centrioles.  Tie a 2-foot-long thread around the centromere of one red chromosome and run the free end through one of the centrioles.  Then tie another thread around the centromere of the other red chromosome and run its free end through the other centriole.  Lay the red pair down with their centrioles attached to each other.  This is happening in one cell.

2. Lay the identical yellow chromosome pair midway between the other pair of centrioles.  Tie a 2-foot-long thread around the centromere of one yellow chromosome and run the free end through one of the centrioles.  Then tie another thread around the centromere of the other yellow chromosome and run its free end through the other centriole.  Lay the yellow pair down with their centrioles attached to each other.  This is happening in the other  cell.
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metaphase 2 of meiosis
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anaphase 2 of meiosis


Anaphase 2:  Refer to the anaphase 2 drawing above.

For each cell shown, grasp the free ends of the threads (spindle fibers), at the centrioles, and gradually pull in opposite directions to pull the chromosomes toward the opposite centrioles.  This separates the identical red chromosomes from each other in one cell and the identical yellow chromosomes from each other in the other cell.

Telophase 2 and cytokinesis:
In each cell, the remains of the spindle fibers would be dismantled.  So, untie the threads from all of the chromosomes now.  A new nuclear membrane would be constructed to enclose each chromosome, and while this is happening cytokinesis would be dividing the rest of each of these cells into 2 new cells…i.e. a total of 4 cells.

Independent assortment:
Working with only one homologous pair (which produces only one tetrad) it isn't possible to see the effect of independent assortment.  Earlier here a brief description of independent assortment was given, supposing that a second homologous chromosome pair were present. So, suppose now that there was a short red and yellow homologous pair, in addition to the one you have used.  At left in the drawing below you see that there are two possible assortments (arrangements) of the long tetrad and short tetrad in metaphase 1.  

In a given cell only one assortment is possible, with two different gamete genotypes as the outcome (marked as #1 and #2 ( below, right).  But in another cell undergoing meiosis in the same gonad, the other assortment could occur, with gamete genotypes #3 and #4 as the outcomes.  Therefore, there are four distinctly different chromosome combinations possible in the gametes if the parent cell had 2N = 4, with a large homologous pair and a small homologous pair.
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Crossing over:

Crossing over can occur between homologous chromosomes as long as the homologues remain together as tetrads, i.e. during prophase I and metaphase I.  Rebuild your tetrad of two yellow and two red chromosomes.  Lay them side by side, lined up point-for-point ("bead-for-bead"); all 4 are the same length.  Now, at the point shown in the left drawing below, break off 3 beads of a yellow chromosome and the 3 corresponding beads of the red chromosome adjacent.  (Remember that red is homologous to yellow.) Switch these two short segments and reattach, as shown in the drawing at left below.  You now have new genetic combinations on those two chromosomes.  Meiosis will segregate the 4 chromosomes into different gametes, giving 4 different gamete genotypes.  Note that the crossover only occurs when the breaks are at the same location on both homologues.

That break in the chromosomes could have occurred anywhere along the length of the chromosomes.  So, if you think of each bead as a different locus, there are many different new combinations of alleles possible from crossing over, depending on where the break occurs.  Shorter or longer segments of the homologues may switch places.

In fact, two breaks could occur within the chromosomes, such that an internal segment switches places (crosses over) rather than an end segment.  This possibility is shown in the drawing below, at right, where two breaks occur at the points marked by the small arrows.  If those 2 breaks occur on both a yellow and a red chromosome (i.e. homologues), then the 3-bead segment can switch places and reattach, as shown.  Simulate this with your tetrad too.  Thus, there are even more combinations of alleles possible.  
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When done, put the beads back as at the start (2 yellow chromosomes, 2 red) and put all the kit pieces back into the plastic bag and return it to the TA.
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