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Introduction

In the module on probability, we talked about Laws of Probability that can be applied to, well, just about anything … rolling dice or determining the probability of survival, or playing the stock market, or genetics, to name a few. In this module, we're going to talk about another approach to probability, which is much more specific to genetics, called Punnett Squares. Punnett Squares were invented by one Reginald Punnett, a British geneticist who also studied ribbon worms and played cricket with G. H. Hardy of Hardy-Weinberg fame, one of the true big cheeses in the genetics world. 

In this module, you'll see how Punnett Squares are really just a graphical way of reproducing the basic rules of probability. 

You'll also see how to predict the phenotypic outcome from a multi-loci genotypic cross – in other words, how to predict what the kids will look like. 

The Punnett Menu 

But first, let's demystify Punnett's Square a bit. We're going to make a generalized Punnett Square using food instead of alleles. 

To set this up, I want you to imagine going out to eat at one of those super-trendy restaraunts (Chez Punnett, of course) with lots of dishes you've never heard of. Your task? Order an entrée and a dessert. 

	Entrees:
· Bikini Island Shrimp in Yuca Coconut Puree 

· Wild and Crazy Drunken Trout

· Sweet Potato Gratin with Baby Pinecones 

· Cornish Hen in Free Range Chicken Wrapped in Organic Turkey, Smothered in Genetically Modified Plum Sauce 

· Turkey Cream Puff Pie 
	Desserts:
· Chocolate Mink 

· 103 Layers Chocolate Cake 

· Ecuadorian Pomegranate Popsicles

· Avocado Gelato

· Watermelon Croissant 

 


	Our restaurant has 5 entrées and 5 desserts, so how many possible combinations are there?

· you could pair each entrée with each dessert

· there are 5*5 combinations

Answer: 25 


Creating combinations at Chez Punnett 

One easy way to represent each combination is simply to make a square, with possible entrees on the top and possible desserts on the side. Each box within the square represents a possible meal -- you can see it by placing your cursor in the box. 

	 
	1. Bikini Shrimp
	2. Drunken Trout
	3. Pinecone Gratin
	4. Plum Hen
	5. Turkey Puff 

	1. Chocolate Mink 
	Shrimp and Mink 
	Trout and Mink 
	Gratin and Mink
	Hen and Mink
	Turkey and Mink

	2. 1000 Layer Cake 
	Shrimp and Cake 
	Trout and Cake 
	Gratin and Cake
	Hen and Cake
	Turkey and Cake

	3. Pom Popsicle
	Shrimp and Popsicle 
	Trout and Popsicle 
	Gratin and Popsicle
	Hen and Popsicle
	Turkey and Popsicle

	4. Avocdo Gelato
	Shrimp and Gelato 
	Trout  and Gelato 
	Gratin and Gelato
	Hen and Gelato
	Turkey and Gelato

	5. Watermelon Croissant
	Shrimp and Croissant 
	Trout and Croissant 
	Gratin and Croissant
	Hen and Croissant
	Turkey and Croissant


Notice that along the top we have the complete set of possible entrees. Along the side we have the complete set of possible desserts. Certainly no one person would order all five desserts, or all five entrees! In fact for any given meal, we only want to choose ONE from the top and ONE from the side. 

Punnett Menu Revisited 

So the point here is that the Punnett Square just gives us all the possible combinations all two sets of objects / phrases / conditions / whatever. You list one complete set along the top, and the other complete set across the side. 

Of course its possible that the two sets might have some elements in common. For example, when I go to the Chez Punnett, I may not care what 2 dishes I eat – instead I might just care what they cost. So my square might look like this: 

	 
	$24
(Shrimp)
	$24
(Trout)
	$28 

(Gratin)
	$28
(Turkey)
	$37
(Hen) 

	$13
(Mink)
	$37
	$37
	$41
	$41
	$50

	$13
(Cake)
	$37
	$37
	$41
	$41
	$50

	$17
(Popsicle)
	$41
	$41
	$45
	$45
	$54

	$17
(Gelato)
	$41
	$41
	$45
	$45
	$54

	$17
(Croissant)
	$41
	$41
	$45
	$45
	$54


Notice that many meals cost the same amount when totalled up. 

	If I ordered a meal at random from Chez Punnett, what is the chance I would end up paying $41?

· There are 10 boxes in the square with a total cost of $41.

· 10 out of 25 meals would cost $41

Answer: 40% 


Onwards to genetics

So, lets talk about genetics. Specifically, alleles, genotypes, and phenotypes. The allele I had in mind is a recessive allele called vam37 that causes housemice to develop vampire-like fangs (just try to prove that this doesn't exist). 

First, let's define some terms. I'm sure your book has longer definitions (yes, I looked) but this is pretty much what you need to know mathematically speaking. 

Allele: An allele is a SINGLE copy of the gene causing a particular effect. In our case, there are two alleles: one causes regular teeth, the other causes vampire fangs. Normally, alleles come in pairs, like two sides of one coin. 
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Genotype: When you put two sides of a coin together, you get money. When you put two alleles together, you get …. a genotype. The alleles in the genotype may or may not be the same. 

Phenotype: Genotype needs to get translated into phenotype (physical reality) somehow. Either mice are vampires or they're not, which leads us to… 
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Dominant and Recessive: Since we can't have a half-normal, half-vampire mouse, one of the alleles will just have to dominate over the other. The dominating allele is called dominant, while the non-dominating one is called recessive, as in, it recedes into the background. It doesn't go away (this is important!), but it just … recedes, stands there observing, fidgeting, possibly making nasty but inaudible comments, and generally waiting for its chance for revenge (more about that soon). *For the sake of completeness, I note that some alleles are not dominant or recessive, but additive – their effects add. If this was the case, then one copy of vam37 would give you vampire teeth and the second copy would make the teeth extra long. 
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Can this marriage be saved? 

Meet Mrs. and Mr. Mouse. 
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They are hard-working, sober, and not given to being imaginative. Both completely normal in the dentistry department. Mrs. Mouse gives birth to her first litter, paints the nursery, picks out nicely rhyming names, and … but what's this? Two of the nine micekins have what can only be described as … fangs. Mr. Mouse peers suspiciously at Mrs. Mouse. Mrs. Mouse murmurs weakly that it must be from Mr. Mouse's side of the family. Mr. Mouse is thinking more likely from the milkman. Accusations fly. Fur flies. Baby mice wail. Another broken marriage, derailed by a lack of basic genetic understanding. 

What went wrong? How could two fangless mice end up with vampire babies? 

Remember that recessive alleles don't disappear, they just, well, bide their time. They can hang out for generations, on seemingly perpetual recess, until they meet another recessive allele. The key is that Mr. Mouse and Mrs. Mouse both have recessive alleles vam37. Neither of them knows, because those alleles are just lurking in the genotype, not showing their fangs. On the outside, nothing is different about these 2 mice. When searching for a mate, neither Mr. nor Mrs. Mouse could tell that anything was amiss. But when sperm meets egg, those two recessive alleles meet. And suddenly they don't have to recede anymore. Without the dominant ‘normal teeth' genes, vam37 can show its true colors. 
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And how often does that happen? Let's go back to the coin analogy. Each genotype is like a coin with 2 sides, so when Mr. and Mrs. Mouse get together to make a baby, its like flipping one coin for each of their genotypes. Mr. Mouse's coin might come up normal or vampire. Mrs. Mouse's coin might come up normal or vampire. If one or either or both are normal, so is the kid. But if both come up vampire, then that kid is … vampiric. 

Vampire Fangs 

In the module on Laws of Probability, we figured out the probability of flipping 2 coins and getting 2 tails:

P(coin1=tails AND coin2=tails) = P(coin1=tails) * P(coin2=tails) = 0.5 * 0.5 = 0.25 

Or, you could do this as a Punnett Square. This time the mother's possible egg types go on the top, and the father's possible sperm types on the side. The kid gets one egg from Mom and one sperm from Dad.

	The online version of this module contains an interactive applet which allows you to fill a punnett square. To find this applet go to: http://mathbench.umd.edu/modules/prob-stat_punnett-squares_intro/genet09.htm
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Fill in the table below. (Notice that the top and left cells are color-coded: pink for Mom and baby-blue for Dad!) 

	
	
	

	
	
	

	
	
	


Bottom of Form

If you count, you will find 3 normal mice and 1 with fangs. This leads to a classic ratio, namely 3:1, or three to one. Applied to our mice, that means, if Mr. and Mrs. Mouse have a copy of each allele, they will produce (approximately) 3 normal looking mice for every 1 vampiric baby. And, looking at the Punnett Square , you can also deduce that, on average, 2 of the normal-looking offspring will have the vampire allele but not show it, while one will have no vampire allele at all. 

It's very important to realize that these numbers are approximate. The actual production of eggs and sperm and their union are random processes, so the exact number of each phenotype is only approximate. 

Example: Mr. Spock + Jax 

Punnett Squares can be used for ANY combination of genotypes that the parents have. For example, the mother might have one of each allele, the father might have only the vam37 allele. Or, one parent might have only the dominant allele, while the other has only the recessive allele. You can figure out the ratio of phenotypes for any two parents using a Punnett Square (or using Laws of Probability, for that matter, but that was last module). 

So let's try one. Let's try mating Mr. Spock of Startrek with Jax from one of those latter day Star Treks. Mr. Spock has a recessive pointy-ear allele, while Jax has one copy each of the round and pointy-ear alleles (the dominant and recessive alleles are called E and e, respectively). 

	
	
	

	
	
	

	
	
	


This time we get (approximately) 2 round eared and 2 pointy eared kids, or 2:2 ratio. 

Example: Mr. Spock + Nurse Chapel 

	
	
	

	
	
	

	
	
	


One more here. Let's mate Mr. Spock (of the recessive pointy ears) instead to his frequent human admirer, Nurse Chapel, who has two normal alleles.

Sadly, the little guys have no chance of pointy ears now. 
To sum it up, Mr. Spock and Nurse Chapel have 100% round eared babies, while Mr. Spock and Jax have 50% round and 50% pointed ear babies. Ahh, the mystery of romance, motherhood, and genetics… 

And you thought we were done...

You might have noticed that I was running out of interesting combinations of genotypes to mate. And you probably said, good, the module must be almost over. 

Well, not so fast, buddy. I have more tricks up my sleeve. Bigger fish to fry. Or at least, more expansive Punnett Boxes to fill. 

We represented the mother's genotype as a (pink) coin with two sides, and the father's as a (blue) coin with two sides. But, of course, there is more to it than that. Mice don't just have vampire fangs vs. normal teeth, they also have 

· Straight vs. crooked tails 

· Non-flying vs. flying limbs 

· Fluffy vs. flat fur 

· Mighty muscles vs. non-mighty muscles

· and so on. 

OK, I may have made up a few of those, but it's more fun to talk about fluffy red-eyed vampiric mice than yellow peas with wrinkled skin, IMHO. 

The Dreaded Double Hybrid

Mr. and Mrs. Mouse both had one copy of each allele for teeth (one normal copy, one vampire fangs copy). In that sense, they were hybrids for the vampire allele. Well, they are also hydrids for the fur allele – one copy of the fluffy fur allele, and one copy of the wiry fur allele. (And let's assume that fluffy fur is a recessive trait, like vampire fangs). 
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Now there are two pairs of alleles in the mother's genotype. One allele pair has the vampire/non-vampire teeth. The other pair has flat/fluffy fur. But each egg gets only 1 allele from each of the pairs. So across the top of the Punnett Square, where we list all possible kinds of eggs, we have to list all possible combinations of one-allele-from-each-pair. This is just like the possible combinations of heads and tails on two coin flips:

	[image: image19.png]



+[image: image20.png]



	[image: image21.png]



+[image: image22.png]



	[image: image23.png]



+[image: image24.png]



	[image: image25.png]



+[image: image26.png]





And the father has the same two allele pairs. To make a baby, Mr. Mouse flips his two coins, and Mrs. Mouse flips her two. We can make a Punnett Square to help us figure out what their babies should look like. 

I am guessing you have already seen this kind of Punnett Square in your lecture or your textbook or both. If you already understand how it works and can reproduce it on your own, you could skip this page. If not, do not “look up” how to do a Punnett Square . I will ask you some leading questions, but the idea is for you to figure it out, then you won't need to memorize it or look it up. 

As you know by now, the top needs to list all of Mom's possible egg types (her 'menu' of choices). How many are there? 1. all dominant ("normal") egg 2. fangs with normal fur 3. fluffy fur with normal teeth 4. fangs and fluffy fur. So that makes a 'menu' of four choices. Likewise for Dad.

					
					
					
					
					

	
	1. Put Mom's egg choices along the top. Put Dad's sperm choices along the side. (Put the teeth gene first and the fur gene second).

2. That was the hard part. Now that we have the borders of the table done, you can fill in the middle. Each square represents 1 baby, and each baby is going to get one fur and one teeth allele from Mom, and one fur and one teeth allele from Dad. List all four alleles in the box for each box. This gives you the genotype. 

3. Now look at each box. Using the dominance rule, what should each baby look like (i.e., what's its phenotype)?


How many normal?  [image: image27.wmf]

 [image: image28.png]


fluffy? [image: image29.wmf]

    fanged?   [image: image30.wmf]
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 fluffy and fanged?   [image: image32.wmf]


Answers: normal: 9,  fluffy: 3,  fangs: 3,  fluffy and fangs: 1 [image: image33.png]



This is the famous 9:3:3:1 ratio. 

One more time... 

What you just did is called a di-hybrid cross. The mice were ‘di-hybrids' because they were hybrid for both teeth and fur. And you crossed them (which is an interesting way of saying you, um, convinced them to mate). So, a dihybrid cross. 

Let's try another dihybrid cross. Let's see, what traits can we manipulate? I encourage you to come up with your own interesting combinations (and illustrations) but in case you're drawing a blank, I'll propose one: the di-hybrid superhero cross. The first gene pair (X and x) gives the lucky recipient x-ray vision (recessive) vs. normal eyes (dominant). The second gene pair (B and b) gives the recipient bat-like flight (recessive) vs. normal locomotion (dominant). Our two parents are Mr. and Mrs. Normal. They look normal, but actually they are both di-hybrids, with one copy of each allele. Draw a Punnett Square to determine whether any of their children will become superheros (flying or x-ray), and whether any will become super-superheroes with both traits. Remember to put Mom's contributions on the top of the square and Dad's on the left side. 
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normal?  [image: image37.wmf]
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x-ray?   [image: image39.wmf]

  fly?   [image: image40.wmf]
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  both?   [image: image42.wmf]


Answers: normal: 9,  x-ray: 3,  fly: 3,  both: 1  

Hey, there's that 9:3:3:1 ratio again. Coincidence? I think not!

But is the ratio exact? (hint: NO)

Its not hard to intuit that ANY dihybrid cross will give you the same result – a 9:3:3:1 ratio. 

Does that mean that if Mr. and Mrs. Normal have exactly 16 kids, they are guaranteed exactly and no more than one super-superhero? Of course not. But it is likely that they will have kids in approximately these ratios. It’s the same principle as flipping a coin- 16 flips will not always lead to exactly 8 heads.
 

	The online version of this module contains an interactive applet which allows you to see randomness in action. To find this applet go to: http://mathbench.umd.edu/modules/prob-stat_punnett-squares_intro/genet15.htm
	


Review Chez Punnett

A Punnett Square shows all the possible combinations all two sets of alleles, where the first set of alleles shows all possible zygote types contributed by the mother, and the second set shows possible types contributed by the father. We put the mother accross the top and the father accross the left hand side, but you could do it the other way around. 

The Punnett Square for a mother that was Tt and a father that was Tt would yield approximately a 3:1 ratio of dominant to recessive phenotypes (and approximately a 1:2:1 ratio of AA, Aa, aa genotypes). Any other combination of parental genotypes can be figured out similarly, and will yield different ratios of genotypes and phenotypes (so don't assume that 3:1 is the answer to every problem!!!)

If you are trying to find the results of a cross involving 2 genes (i.e., fur AND teeth), then you need a bigger Punnett Square. With 2 genes, each parent can contribute 4 different zygote types, and you need to list each of the 4 on the top (mother) or side (father) of the Punnett Square. For example, in a double hybrid cross (AaBb x AaBb):
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This gives the famous 9:3:3:1 ratios for phenotypes. Again, note that this ratio ONLY holds if you specifically have a dihybrid cross. If you cross, say, AABb x Aabb, you will get a completely different ratio (8:8:0:0, in case you're curious). If you are asked to find the phenotypic ratios, check first whether the problem involves a dihybrid cross -- if not, always work out the Punnett Square. 
All of these phenotypic ratios are approximate, because they're being produced by random processes -- just like you get approximately 50% heads when you flip a coin. 

The probability of a given phenotype can also be found by using the laws of probability. First, you need to identify all possible genotypes that would produce the desired phenotype. Then you use the Law of AND (multiply probabilities) to determine how likely each genotype is (i.e., multiply the probability of getting each of the four alleles in the genotype). Finally, you use the Law of OR (add the probabilities) to determine how likely it is that one of the possible genotypes was created.
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