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Table 2: Five DNA sequence from primates
	Primate
	Sequence

	Neanderthal (n)
	TGGTCCTGCAGTCCTCTCCTGGCGCCCCGGGCGCGAGCGGTTGTCC

	Human (h)
	TGGTCCTGCTGTCCTCTCCTGGCGCCCTGGGCGCGAGCGGATGTCC

	Chimpanzee (c)
	TGATCCTGCAGTCCTCTTCTGGCGCCCTGGGCGCGTGCGGTTGTCC

	Gorilla (g)
	TGGACCTGCAGTCATCTTCTGCCCGCCCGAGCGCTTGCCGATGTCC

	Orangutan (o)
	ACAACCTGCACTCCTATTCTGCCGAGCCGGGCGCGTGGCAAAGTCC


Table 3a: A comparison of Neanderthal and human sequences
	n
	TGGTCCTGCAGTCCTCTCCTGGCGCCCCGGGCGCGAGCGGTTGTCC

	h
	TGGTCCTGCTGTCCTCTCCTGGCGCCCTGGGCGCGAGCGGATGTCC


Differences: 3

Table 3b: A comparison of Neanderthal and chimpanzee sequences
	n
	TGGTCCTGCAGTCCTCTCCTGGCGCCCCGGGCGCGAGCGGTTGTCC

	c
	TGATCCTGCAGTCCTCTTCTGGCGCCCTGGGCGCGTGCGGTTGTCC


Differences: 4

Table 3c: A comparison of Neanderthal and gorilla sequences
	n
	TGGTCCTGCAGTCCTCTCCTGGCGCCCCGGGCGCGAGCGGTTGTCC

	g
	TGGACCTGCAGTCATCTTCTGCCCGCCCGAGCGCTTGCCGATGTCC


Differences: 11

Table 3d: A comparison of Neanderthal and orangutan sequences
	n
	TGGTCCTGCAGTCCTCTCCTGGCGCCCCGGGCGCGAGCGGTTGTCC

	o
	ACAACCTGCACTCCTATTCTGCCGAGCCGGGCGCGTGGCAAAGTCC


Differences: 16

Table 3e: A comparison of human and chimpanzee sequences
	h
	TGGTCCTGCTGTCCTCTCCTGGCGCCCTGGGCGCGAGCGGATGTCC

	c
	TGATCCTGCAGTCCTCTTCTGGCGCCCTGGGCGCGTGCGGTTGTCC


Differences: 5

Table 3f: A comparison of human and gorilla sequences
	h
	TGGTCCTGCTGTCCTCTCCTGGCGCCCTGGGCGCGAGCGGATGTCC

	g
	TGGACCTGCAGTCATCTTCTGCCCGCCCGAGCGCTTGCCGATGTCC


Differences: 12

Table 3g: A comparison of human and orangutan sequences
	h
	TGGTCCTGCTGTCCTCTCCTGGCGCCCTGGGCGCGAGCGGATGTCC

	o
	ACAACCTGCACTCCTATTCTGCCGAGCCGGGCGCGTGGCAAAGTCC


Differences: 17

Table 3h: A comparison of chimpanzee and gorilla sequences
	c
	TGATCCTGCAGTCCTCTTCTGGCGCCCTGGGCGCGTGCGGTTGTCC

	g
	TGGACCTGCAGTCATCTTCTGCCCGCCCGAGCGCTTGCCGATGTCC


Differences: 11

Table 3i: A comparison of chimpanzee and orangutan sequences
	c
	TGATCCTGCAGTCCTCTTCTGGCGCCCTGGGCGCGTGCGGTTGTCC

	o
	ACAACCTGCACTCCTATTCTGCCGAGCCGGGCGCGTGGCAAAGTCC


Differences: 14
Table 3j: A comparison of gorilla and orangutan sequences
	g
	TGGACCTGCAGTCATCTTCTGCCCGCCCGAGCGCTTGCCGATGTCC

	o
	ACAACCTGCACTCCTATTCTGCCGAGCCGGGCGCGTGGCAAAGTCC


Differences: 14

Table 4: Sequence differences between primates
	
	Neanderthal
	Human
	Chimpanzee
	Gorilla
	Orangutan

	Neanderthal
	0
	3
	4
	11
	16

	Human
	3
	0
	5
	12
	17

	Chimpanzee
	4
	5
	0
	11
	14

	Gorilla
	11
	12
	11
	0
	14

	Orangutan
	16
	17
	14
	14
	0


Table 5: Evolutionary distances between primate ancestors and primates
	
	Differences
	Proportional difference

	Neanderthal and human
	3
	3/46 = 0.065

	Neanderthal/human and chimpanzee
	4.5
	4.5/46 = 0.098

	Neanderthal/human/chimpanzee and gorilla
	11.25
	11.25/46 = 0.245

	Neanderthal/human/chimpanzee/gorilla and orangutan
	14.625
	14.625/46 = 0.318


Table 6a: Sequence differences between the Neanderthal/human ancestor and other primates

	
	Neanderthal/human
	Chimpanzee
	Gorilla
	Orangutan

	Neanderthal

/human
	0
	(4+5)/2 = 4.5
	(11+12)/2=11.5
	(16+17)/2=16.5

	Chimpanzee
	(4+5)/2 = 4.5
	0
	11
	14

	Gorilla
	(11+12)/2=11.5
	11
	0
	14

	Orangutan
	(16+17)/2=16.5
	14
	14
	0


Table 6b: Sequence differences between the Neanderthal/human/chimpanzee ancestor and other primates

To calculate the sequence differences between the Neanderthal/human/chimpanzee ancestor and gorillas, average the sequence differences between the Neanderthal/human ancestor and the gorilla (11.5, see Table 6a) and between chimpanzees and gorillas (11, see Table 4).

	
	Neanderthal/human/chimpanzee
	Gorilla
	Orangutan

	Neanderthal

/human/chimpanzee
	0
	(11.5+11)/2=11.25
	(16.5+14)/2=15.25

	Gorilla
	(11.5+11)/2=11.25
	0
	14

	Orangutan
	(16.5+14)/2=15.25
	14
	0


Table 6c: Sequence differences between the Neanderthal/human/chimpanzee/gorilla ancestor and other primates
	
	Neanderthal/human/chimpanzee

/gorilla
	Orangutan

	Neanderthal

/human/chimpanzee

/gorilla
	0
	(15.25 +14)/2=14.625

	Orangutan
	(15.25+14)/2=14.625
	0


Questions

Below are some questions you could use to test your students’ understanding of the activity. Suggested answers are also provided.

1. In your phylogenetic tree, how many years ago did gorillas and humans diverge from a common ancestor? What about orangutans and humans?
Gorilla:

(0.065 + 0.098 + 0.245) * 20 million

= 0.408 * 20 million

= 8.16 million years ago

Orangutan:

(0.065 + 0.098 + 0.245 + 0.317) * 20 million
= 0.725 * 20 million
= 14.5 million years ago. 

2. Can you find out if these and the other estimates in your tree are correct?
The figures in the constructed phylogenetic tree mostly agree with the accepted divergence times. However, the difference between the human-Neanderthal and human-chimpanzee divergences should be larger. The accepted divergence times are approximately:

Human-Neanderthal: 500 000 years ago

Human-chimpanzee: 6-7 million years ago

Human-gorilla: 8-10 million years ago

3. Why may phylogenetic trees constructed using different regions of the DNA look different? 

Different parts of the genome diverge at different speeds in different branches of the phylogenetic tree. It may help to think about the language example again. Consider the word ‘hello’.
Spanish: Hola

French: Bonjour

Italian: Buon giorno

Polish: Czesc

Russian: Zdravstvuite

The Polish and Russian for ‘hello’ are very different, although the languages are generally very similar and are in fact closely related. Similarly, some parts of the genome change at different speeds.
An extreme example of this is a region in the human genome called the ‘polymorphic region’. The DNA in this region changes so fast that it is used for forensic science and paternity testing. Instead of an evolutionary tree, you can build a family tree by comparing DNA sequences in this region.

Another curious effect may come from DNA insertions by transposons and viruses, which may cause distant species to have similar-looking sequences. What would this mean in the language metaphor? Most languages use a very similar word for ‘computer’. In Japanese, the word is almost identical to English, although these languages are otherwise very different. This is because the computer is a novel concept that was ‘inserted’ into languages all over the world very recently, and has not yet had time to change.
4. What regions of DNA should you use to compare organisms that are closely related? 

Those regions that diverge quickly, which are normally non-coding regions of DNA.

5. What kind of genes should you use to compare organisms that are evolutionarily distant from each other? 

Essential genes that code for important proteins. These regions change very slowly, because any mutation is likely to have a negative effect on the survival rate of the organism, so that it is less likely to have offspring that inherit the change. To compare distantly related organisms, the gene coding for cytochrome C, an essential component of the electron transport chain, can be used.

6. What should you do if you are comparing two sequences, but one of them has gaps due to deletions (or insertions in the other sequence)? 

Gaps can be given ‘penalty’ values when calculating genetic distances, but aligning gapped sequences is a whole course in itself.
7. Can you think of reasons why this method of simply comparing the number of differences between the nucleotides may not work if you are comparing organisms that are very different? Remember that we are assuming it takes 20 million years for every nucleotide in a sequence to mutate.
The model breaks down if the sequences diverged so long ago that, on average, more than one mutation has occurred at individual sites. The more distantly related the organisms are, the more you will underestimate their evolutionary distance.

8. Can you think of other reasons why it may not be so good to use this method to calculate evolutionary distances? What simplifications have we made?

For example:

a) We did not take account of the fact that purines (A or G) are more likely to replace purines, and pyrimidines to replace pyrimidines (T or C).

b) Sometimes genes are duplicated, so that the selective pressure on one copy is reduced.
Note: This is discussed in the transposon game (‘Mobile DNA’), which can be downloaded from the ELLS websitew1.
c) There are events that can change the rate at which mutations spread through the population (by changing the selective pressures from the environment).

9. Can you think of reasons why, if you are studying more distantly related organisms, it is better to compare amino acid sequences than DNA sequences? 

Looking at the amino acid sequences gives a functional meaning to the mutations, which DNA sequences do not provide. For example, silent mutations in the DNA will make no difference to the amino acids; it follows that the third nucleotide in a codon (a change to which does not necessarily alter the resulting protein) is more likely to differ between two species than the first or second nucleotide.

10. In this exercise, we have concentrated on working out when the five primate species diverged from each other (the scale of the tree). Often, however, we do not even know the order in which the species diverged from one another (the shape of the tree). How do we know, for example, that humans and chimpanzees are more closely related than gorillas and chimpanzees are? If the latter were true, how would the sequence differences (Table 5) differ?

We know that humans and chimpanzees are more closely related than gorillas and chimpanzees because their sequences are more similar. Looking at Table 4, we see that gorilla and chimpanzee have 11 differences in their sequences, while human and chimpanzee only have five differences. If the evolutionary tree were shaped differently and chimpanzees and gorillas were more closely related to each other, we would expect them to have the lower number of differences instead.

You can use the number of sequence differences to find out the approximate order in which different species evolved. For example, if you look at the ‘human’ row in Table 4, you can order the species from high to low numbers of differences to recreate the order in which they diverged from humans: orangutan, gorilla, chimpanzee and Neanderthal. However, the order isn’t always easy to determine; if you look at the ‘orangutan’ row, the numbers from high to low go human, Neanderthal, gorilla and chimpanzee, but the numbers only range from 14-17, with chimpanzee and gorilla tied at 14. This is due to the shape of the tree: the orangutan branched away, on its own, from the ancestor of all of those other species around 14.5 million years ago, so it is equally closely related to all of them. This means that the sequence differences between orangutan and the other species will be about equal.

Web reference

w1 – The European Learning Laboratory for the Life Sciences (ELLS) is an education facility which brings secondary-school teachers into the research lab for a unique hands-on encounter with state-of-the-art molecular biology techniques. ELLS also gives scientists a chance to work with teachers, helping to bridge the widening gap between research and schools. The activity described in this article was the result of one of those collaborations. For more information about ELLS, see: www.embl.org/ells
