
KEY KNOWLEDGE

This chapter is designed to enable students to:
 ■ recognise that species are related through evolutionary descent
 ■ become aware that the degree of relatedness of species can be inferred using various techniques
 ■ understand the use of DNA base sequences and amino acid sequences of proteins to estimate the relatedness of 
species and infer their evolutionary history

 ■ become aware that other techniques, including DNA hybridisation and chromosome painting, can be used to 
infer relatedness between species

 ■ gain knowledge of the concept of the ‘molecular clock’ and recognise its uses and limitations
 ■ become familiar with the construction and use of phylogenetic trees and cladograms.

11 How are species related?

CHAPTER

FIGURE 11.1 (a) Copy of page 36 from Charles Darwin’s 
Notebook B, written in 1837–38. On this page, Darwin drew a 
branching tree of life, showing an ancestral form, denoted by 
the numeral 1, and the groups descended from it. Four groups 
of living species, A, B, C and D, are shown (with a cross bar 
at the end of their lines). Other groups that became extinct are 
shown without a cross bar at the end of their lines. (b) Charles 
Darwin (1809–1882). In this chapter, we will examine how the 
relatedness between species can be identi� ed and how the 
degree of relatedness can be shown using phylogenetic trees.
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Being related
In 2013, samples of mitochondrial DNA (mtDNA) from two sources were tested 
to see if they matched. One of the mtDNA samples came from Michael Ibsen, a 
London-based furniture maker. � e second sample came from teeth recovered 
from a skeleton found in 2012 in Leicester under a carpark that in medieval 
times had been the site of the Greyfriars Church.

What was the purpose of seeing if a match existed between a London furni-
ture maker and a medieval skeleton from a carpark in Leicester? If a match 
were to be found, this test result would be of historical signi� cance.

Earlier evidence strongly indicated that the skeleton might be that of Richard III 
of England, who died in the Battle of Boswell on 22 August 1485. Richard’s body was 
buried by Franciscan monks in their Greyfriars Church, which was later destroyed.

� e evidence in support of this possible identi� cation came from a detailed 
study of the skeleton that revealed:
     (i) the bones were those of a male aged between his mid-twenties and 

mid-thirties — Richard was 32 years old when he was killed in the Battle 
of Bosworth

      (ii) a skeletal abnormality, scoliosis, was detected, which causes a cur-
vature of the spine — in life, Richard III had been described as being a 
‘hunchback’

(iii) the injuries on the skeleton matched those reported to have been su� ered 
by Richard III in the Battle of Bosworth — some of the battle wounds on 
the skull were matched to those caused by particular medieval weapons

  (iv) carbon-14 dating placed the age of the skeleton within the range of 
1450–1540 AD.

Using a model of the skull from the skeleton found in the carpark, a facial 
reconstruction was prepared by a forensic expert (see � gure 11.2).

FIGURE 11.2 Facial 
reconstruction using a model 
of the skull that was part of a 
skeleton found in a Leicester 
carpark. This skeleton was 
shown to be that of Richard III 
of England.

An essential step was to � nd a relative of Richard III through his mat-
ernal line of descent and to test for a match between the skeletal mtDNA 
and that of such a relative. � e test result would either support or disprove 
the conclusion that the skeleton was that of Richard III of England. Michael 
Ibsen, the furniture maker of London, was shown from family records to 
be a seventeenth-generation nephew of Richard III of England through an 
unbroken matrilineal line.

Why use mitochondrial DNA? Mitochondrial DNA samples were used for this 
matching because, unlike nuclear/chromosomal DNA, it can be recovered 

Recombination of chromosomal 
DNA is discussed in Nature of 
Biology Book 1 Fifth edition, 
page 451.
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from ancient skeletal remains such as teeth and bones. Mitochondrial DNA 
passes from mother to children, generation after generation, unaltered by the 
recombination events that occur with chromosomal DNA in meiosis.

Mitochondrial DNA contains a non-coding region known as the D-loop. 
Within the D-loop are two regions of DNA that undergo mutational change 
at a much higher rate than the rest of the molecule. � ese two regions 
within the non-coding region are denoted as HVR1 and HVR2 (HVR = 
hypervariable region). Over the 200  000 years or so of the existence of modern 
humans (Homo sapiens), many mutations have occurred in these hypervari-
able regions. As a result, mtDNA sequences di� er between populations and 
between individuals.

� e particular mtDNA sequence of the D-loop of each person is called that 
person’s haplotype. � e various haplotypes worldwide fall into a number of 
large clusters known as haplogroups. Haplogroups are denoted by capital 
letters; for example, we can talk about haplogroup H, haplogroup T and 
haplogroup U. Figure 11.3 shows the major human haplogroups.

FIGURE 11.3 Simpli� ed version 
showing the evolution of and 
relationships between the major 
human haplogroups. The earliest 
human haplogroup is identi� ed 
as that of ‘Mitochondrial Eve’. In 
his book The Seven Daughters 
of Eve, Professor Bryan Sykes 
gave names to the founding 
females of some of the major 
haplogroups, and these names 
are shown. Note the three 
so-called superhaplogroups — 
M, N and R — from each of 
which other haplogroups have 
arisen by mutational events.
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What were the results of the test? Michael Ibsen’s mtDNA sample showed 
that he belonged to haplogroup J, which is not all that rare because about 
17 per cent of the English population belong to haplogroup J. Michael’s speci� c 
haplotype was identi� ed as haplotype J1c2c. Only about 1.5 per cent of people 
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with haplogroup J have this particular haplotype, so it is relatively rare. What 
about the mtDNA from the teeth in the carpark skeleton? On 3 February 2013, 
it was con� rmed that the skeletal DNA was haplotype J1c2c. It was a match to 
Michael Ibsen’s mtDNA! � e probability of this happening by chance is about 
1 in 500.

� e following day, on 4 February 2013, the University of Leicester con� rmed 
that the carpark skeleton was that of Richard III of England. � e mtDNA match 
was the � nal piece of evidence that supported this conclusion. � e remains 
were reburied in Leicester Cathedral in March 2015 in a co�  n made by Michael 
Ibsen (see � gure 11.4).

FIGURE 11.4 The oak cof� n 
made by Michael Ibsen in which 
the remains of Richard III were 
carried on a horse-drawn cart 
through the streets of Leicester 
en route to Leicester Cathedral, 
where Richard III was re-buried 
on 26 March 2015.

mtDNA as a tool to identify relationships
We have seen that mitochondrial DNA is a valuable tool in identifying relation-
ships between members of one species, such as occurred with Michael Ibsen 
and Richard III, especially when they are separated in time.

Studies of the sequence of all or part of the mtDNA genome, and mapping 
of restriction sites within that genome have been used for a variety of other 
purposes, including identifying relatedness of di� erent species, in particular, 
where ancient DNA of extinct species is involved. Important examples of this 
were mtDNA sequencing of Homo neanderthalensis and Homo denisova and 
the assessment of their relatedness to modern humans, Homo sapiens.

� e use of mtDNA is just one way in which relatedness between species can 
be identi� ed. In this chapter, we will explore other ways that can be used to 
estimate the relatedness between di� erent species, including:
•	 comparing proteins
•	 comparing DNA (nuclear as well as mitochondrial DNA) and RNA

 – base sequences
•	 comparing entire genomes.

What is relatedness?
� e millions of di� erent species of plants, animals and microorganisms that 
live on Earth today are related by descent from common ancestors. What does 
it mean to be related? How do we decide which species are the most closely 
related? How do we decide which species branched o�  from which?

In a biological sense, relatedness refers to how recently species split from a 
common ancestor. So, we may ask the question: Is species A more closely related 
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to species B or C or D? � e answer cannot come by comparing the similarity of 
habitat or the way or life (niche) or even similarity in appearance. (As we saw 
in chapter 10 (see page 492), convergent evolution can produce similarities in 
remotely related species.) � e answer comes from re-phrasing the question: 
Does species A share a more recent common ancestor with species B or with 
C or with D? Whichever species, B, C or D, shares the more recent common 
ancestor with species A is the species that is most closely related to A.

Figure 11.5 shows a possible answer.

FIGURE 11.5 Phylogenetic tree showing the evolutionary relationship (relatedness) 
between four species A, B, C and D. Common ancestors are shown as black 
dots. Can you identify the common ancestor of species A, C and D? Which pair 
of species shares the most recent common ancestor? They are the most closely 
related pair of species (and they are A and C).
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If species are related by evolution, they should show similarities in their 
biochemical and genetic composition. Further, a greater degree of similarity 
should be evident in those species that are more closely related by descent and 
shared a common ancestor more recently than other species that are more dis-
tantly related.

Figure 11.6 shows two pairs of related species. Note that species L and 
M shared a common ancestor more recently than species J and K. � is means 
that the gene pools of species J and K have been separated for a much longer 
period than has been the case for species L and M. As a result, more time has 
been available for changes in the DNA of species J and K to accumulate.
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FIGURE 11.6 Evolutionary 
history of four species. The 
most recent common ancestor 
of each pair of species is shown 
by an open circle. The horizontal 
scale denotes geologic time. 
Horizontal lines indicate the 
evolutionary path leading to 
the four modern species, not 
the time of existence of each 
modern species.
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Table 11.1 shows the expected results of comparative biochemical and 
genetic studies for the J–K and the L–M pairs of species.

TABLE 11.1 Comparisons between pairs of related species that differ in the time 
since they shared a common ancestor. (The species are those denoted in �gure 11.6.)

Molecular study Expected result

Amino acid sequence 
studies of corresponding 
proteins

More di�erences in the amino acid sequences of 
homologous proteins from species J and K than from 
species L and M

DNA–DNA hybridisation 
studies

Less complementarity and lower melting temperature (Tm) 
for mixed DNA from species J and K

Higher complementarity and higher Tm for mixed DNA 
from species L and M

Base sequence studies of 
nuclear DNA or mtDNA

More di�erences in the base sequences of comparable 
DNA from species J and K than from species L and M

Cytogenetic studies of 
chromosomes

Less similarity in banding pattern of chromosomes 
from J and K than from species L and M

More rearrangements and other structural changes 
between the chromosomes of species J and K than of 
species L and M

Chromosome ‘painting’ 
(spectral karyotypes)

Fewer matching segments identi�ed between the 
chromosomes of species J and K than of species L and M

Fewer chromosomal rearrangements between species L 
and M than between J and K

Comparing proteins
�e proteins of all organisms — whether they are jelly�sh, tomatoes, lobsters, 
ferns or people — are composed of the same set of 20 amino acid building 
blocks. Likewise, the genetic code that carries the information for making pro-
teins is essentially the same in all organisms. �ese observations are consistent 
with a common evolutionary ancestry for all living organisms.

Proteins from di�erent species can be compared in terms of their amino acid 
sequences. Species that are more closely related are expected to have fewer 
di�erences in the amino acid sequences of their corresponding proteins 
than species that are more distantly related. Why? �e longer the periods 
since two species diverged from their last common ancestor, the more time 
has been available for changes to occur in a protein present in both species. 
It is reasonable to conclude that, the more di�erences that are observed in 
the corresponding protein in two species, the further back their divergence 
in time.

Haemoglobin is composed of up to four chains: two identical chains 
(alpha chains) consisting of 141 amino acids, and two other identical chains 
(beta chains) consisting of 146 amino acids. �e amino acid sequences of the 
haemoglobin chains have been identi�ed for many mammals, birds, reptiles, 
amphibians, �sh and invertebrates. Table 11.2 shows the number of di�erences 
in the amino acid sequence of the beta chain of haemoglobin between humans 
and several vertebrate species (see also �gure 11.7). Based on these data, it 
is possible to estimate the relationships among the various species. Data in this 
table support the conclusion that gorillas are more closely related to humans 
than are Rhesus monkeys or mice. Degrees of evolutionary relationships iden-
ti�ed through this means are in agreement with relationships inferred from 
fossil evidence and from structural comparisons.
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TABLE 11.2 Number of differences in the amino acid sequence of the beta chain 
of haemoglobin of various vertebrates compared to the human beta chain of 
haemoglobin. What pattern is apparent? Which group of species shows the closest 
relationship with humans?

Vertebrate No. of differences

chimp (Pan spp.)   0

gorilla (Gorilla gorilla)   1

gibbon (Hylobates spp.)   2

Rhesus monkey (Macaca mullata)   8

dog (Canis familiaris)  15

mouse (Mus musculus)  27

kangaroo (Macropus spp.)  38

chicken (Gallus gallus)  45

frog (Rana spp.)  67

lamprey (Petromyzon marinus) 125

mollusc (sea slug) 127

FIGURE 11.7

Likewise, if other proteins are examined, a similar picture of relationships 
between organisms can be inferred. An enzyme found in organisms from all 
of the � ve Kingdoms is known as cytochrome c. Human cytochrome c has been 
compared with that from other organisms (see table 11.3). Note that, com-
pared with human cytochrome c, a single amino acid change is found in the 
corresponding enzyme from a Rhesus monkey, while 13 changes are found in 
that from a bird.
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TABLE 11.3 Comparison of the sequence of amino acid sub-units in cytochrome c 
from various species. Cytochrome c also occurs in yeast cells. If compared with 
human cytochrome c, what would you predict?

Organism
Number of changes in amino acid sequence  

relative to the human cytochrome c

human —

chimp  0

Rhesus monkey  1

whale  7

rabbit  9

chicken 13

�sh (tuna) 22

wheat 37

Species that show fewer di�erences in their amino acid sequences can be 
inferred to be more closely related than species showing greater di�erences. 
�e data in table 11.3 above indicate that, of the species listed, chimps are 
most closely related to humans.

Comparing DNA
DNA sequences have been described as ‘documents of evolutionary history’. 
Comparisons of DNA from di�erent species may be made in several ways:
1. direct comparison of DNA base sequences
2. comparing whole genomes
3. DNA hybridisation
4. comparing karyotypes.

Comparing DNA base sequences
DNA molecules consist of a series of base pairs (bp) that form a base sequence 
(refer back to chapter 2, page 41).

If evolution has occurred, we can predict that species that are closely related 
by evolutionary descent will show more similarities in the base sequences 
of their common genes. Hence, direct comparisons of the DNA sequence of 
genes in di�erent species can also be used to infer evolutionary relationships. 
For example, haemoglobin genes are present in all mammals. Sequences have 
been identi�ed for the approximately 17  000 bases in this segment of DNA in 
human beings and other animals. �e results show that these sequences are 
most similar between humans and chimpanzees.

Table 11.4 shows the DNA sequences from part of a haemoglobin gene.

TABLE 11.4 DNA sequences from a segment of a haemoglobin gene from four mammalian species. Differences 
between the human DNA sequence and those of other species are shown by coloured letters. The dash (-) is used to 
keep the sequences aligned. Note that there are two differences between the human and the sequences of some other 
primates (orang-utan and monkey) but that there are more between the human and the rabbit DNA sequences. Why?

Species DNA sequence of part of a haemoglobin gene

human TGACAAGAACA - GTTAGAG - TGTCCGAGGACCAACAGATGGGTACCTGGGTCCCAAGAAACTG

orang-utan TCACGAGAACA - GTTAGAG - TGTCCGAGGACCAACAGATGGGTACCTGGGTCTCCAAGAAACTG

Rhesus monkey TGACGAGAACA AGTTAGAG - TGTCCGAGGACCAACAGATGGGTACCTGGGTCTCCAAGAAACTG

rabbit TGGTGATAACA AGACAGAG ATATCCGAGGACCAGCAGATAGGAACCTGGGTCTCTAAGAAGCTA
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If evolution has occurred, we can predict that many of the genes present in 
an ancestral species will also be present in the species that evolve from it. If 
a particular gene or DNA sequence is present in members of a related group, 
that DNA sequence or that gene is said to be conserved among those species. 
Gene conservation does not mean that the DNA sequences of the genes in 
di� erent related species will be identical, since mutations will occur after their 
evolutionary lines diverged. � e DNA sequences of conserved genes will, 
however, be very similar, such as the haemoglobin gene shown in table 11.4. 
It is reasonable to suggest that, when a DNA sequence (or a gene) is conserved, 
it has an important function.

Let’s use a simple example to show how we can infer evolutionary relation-
ships between species, based on di� erences in DNA sequences. Consider � ve 
modern species J to N. Table 11.5 shows the di� erences in a corresponding 
DNA segment in these species.

TABLE 11.5 Base sequences of a common segment of DNA of � ve related species. 
Differences in DNA (base substitutions) are indicated by arrows.

Species DNA sequence

J TCCAGCTCGT GCCTCGATGA AGACTAAGTG ATACCATAAA GACT

K TCGAGCTCGT GCATCGATGA CGACTAAGTG ATACCATAAA GACT

L TCCAGCTCGT GTATCGATGA CGACTAAGTG ATACCAAAAA GACT

M TCCAGCTCGT GTATCGATGA CGACTAAGTG ATACCAAAAA GACT

N TCCAGCTCGT GTATCGATGA CGACTACGTG ATACCATAAA GACT

 ↑ ↑ ↑ ↑ ↑ ↑ ↑
 1 2 3 4 5 6 7

Using the data from table 11.5, it is possible to construct a phylogenetic tree 
that indicates the relatedness of the di� erent species (see � gure 11.8). 

Species K

Species L

Species M

Species N

Species J

Common
ancestor

1

6

5

2

3 4 7

FIGURE 11.8 Inferred 
evolutionary relationships of 
species J, K, L, M and N. The 
horizontal lines denote ancestry 
and do not denote the time of 
existence of the modern species. 
Mutations 3, 4 and 7 did not 
necessarily occur in that order.

Comparing whole genomes
It is now possible to compare the genomes of di� erent organisms — a � eld of 
study known as comparative genomics. � ese comparisons can help to clarify 
the evolutionary history of species. Because the amounts of data are so large 
(for example, the human genome contains 3000 million base pairs), computer 
technology is necessary for these studies. Information gained from compara-
tive genomics has applications in medicine and industry.

� e genome of each species contains DNA sequences and distinctive 
features that have been conserved over millions of years of evolution. Because 
living species have evolved from common ancestors, the genomes of related 
species exhibit similarities. � e more recent the divergence of two related 
species from a common ancestor, the greater the number of conserved DNA 
sequences and of their arrangement within the genome.
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By comparing the genomes of living species, it is possible to:
•	 identify the degree of relationship between di� erent species from the frac-

tion of genes shared between their genomes
•	 make inferences about the phylogeny or evolutionary history of a species.

For example, human DNA was compared with DNA from 12 other ver-
tebrate species (see � gure 11.9). Note that DNA from the nonhuman species 
can be aligned or matched to the human DNA. Note also that the percentage of 
alignment varies, with the percentage being greatest between the most closely 
related species (as determined by other techniques). In this case, the greatest 
degree of similarity occurred in the human–chimp comparison.
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FIGURE 11.9 Percentage 
of human DNA sequences 
that can be aligned in 
12 vertebrate species. The 
different colours denote the 
DNA in different categories: 
coding DNA that is the 
known part of a structural 
gene, untranslated regions of 
DNA (UTR), repetitive DNA, 
and DNA whose function 
has not been identi� ed. 
What alignment would be 
expected in a human–human 
comparison?

Comparing DNA by hybridisation
All kinds of organisms encode their genetic instructions in DNA. DNA is nor-
mally double stranded but, if its temperature is raised, DNA dissociates into 
single strands. As the temperature falls, the single strands pair with their com-
plementary strands to re-form double-stranded DNA.

� is pairing tendency of DNA can be used to compare the similarity of the 
DNA of di� erent species using the technique of DNA–DNA hybridisation:
1. � e DNA is extracted from cells of the two species to be compared, puri� ed 

and cut into fragments about 500  bp long.
2. � e repeated sequences are removed, leaving the unique genetic infor-

mation of the DNA gene sequences of the two species.
3. � e DNA fragments of the two species are made single stranded, mixed and 

allowed to pair. Some pairing will occur between the single strands from the 
two species. � is pairing is more complete and stronger when the DNA from 
the two species is more similar (see � gure 11.10).

4. A measure of similarity is then obtained by heating the interspeci� c DNA 
double-stranded fragments and recording the temperature at which half 
of them become single stranded again. � is temperature is known as the 
melting temperature (Tm). When the degree of complementary pairing is 
lower, fewer hydrogen bonds must be broken and the Tm is lower.

5. A di� erence of one degree Celsius (1  °C) in melting temperature corres-
ponds to a one per cent di� erence in DNA sequences.

ODD FACT

A comparative genomic study 
in 2000 reported that humans 
and fruit � ies share a basic 
set of genes, with about 
60 per cent of the genes 
in humans and in fruit � ies 
being conserved.
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Species 1 Species 2

High complementarity

1. Prepare unique DNA from species to be compared.

2. Make single stranded by heating and mix.

3. Cool and allow strands to pair — some pairing will occur between DNA from different species.
 Result may be:

Higher Tm

either or

Low complementarity

Lower Tm

Species 1 Species 2

2. Make single stranded by heating and mix.

 Result may be:

either

FIGURE 11.10 DNA from two species may pair with a high degree of complementarity or 
with low complementarity. The strength of the pairing is greater when complementarity is 
higher because more hydrogen bonds form between the two DNA strands. Tm = melting 
temperature.

� e technique of DNA–DNA hybridisation provides 
a measure of the similarity of the genetic material of 
two species and gives an estimate of the genetic distance 
between them: that is, the time that has elapsed since the 
two species shared a common ancestor. � e longer this 
period, the more time there has been for changes to occur 
in their DNA. Two species that diverged from a common 
ancestor a shorter time ago show a higher degree of pairing 
and have a higher Tm than two species that diverged from 
a common ancestor a longer time ago.

To compare the DNA of two species using the DNA–
DNA hybridisation technique, two melting temperatures 
are measured. � e � rst Tm is that of double-stranded 
DNA of an individual of one species (say, human). � e 
second Tm is double-stranded ‘hybrid’ DNA formed by 
combining single-stranded DNA from individuals from 
two di� erent species (say, human–chimp). Compared 
with double-stranded DNA from the one organism, the 
strands of the hybrid DNA will not pair so well. As a result, 
fewer hydrogen bonds need to be broken to dissociate this 
hybrid into the single-stranded form (see � gure 11.11).
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FIGURE 11.11 Melting temperatures, Tm, for 
double-stranded DNA from an individual (curve A) 
compared to those for hybrid DNA comprising DNA 
from two different species (curve B)
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� e smaller the reduction in Tm for hybrid DNA from two species, the 
more closely related they are by evolution and the more recently they shared 
a common ancestor. Table 11.6 shows the lowering of melting temperature for 
hybrid DNA from various living primates.

TABLE 11.6 Reduction in melting temperature, Tm, when genomic DNA from different 
organisms, either the same species or different species, is mixed. The lowering is 
measured in relation to the Tm for the DNA from one individual of a species.

Human Chimp Gorilla Orang-utan Gibbon

Human 0.3

Chimp 1.7 0.3

Gorilla 2.3 2.3 0.3

Orang-utan 3.6 3.6 3.5 0.3

Gibbon 4.8 4.8 4.7 4.9 0.3

Data from DNA hybridisation studies can be used to infer the degree of evo-
lutionary relationship between di� erent species. For example, from the data in 
table 11.6, the evolutionary relationship between the primates can be inferred 
(see � gure 11.12). By calibrating this tree against fossil evidence, it is possible 
to identify a time scale for this tree.

Chimp
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Gorilla

Orang-utan

Gibbon

25 20 15 10 5 0
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0.30
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FIGURE 11.12 Tree showing inferred evolutionary relationships between a group 
of primates based on DNA hybridisation evidence. For each pair of species, the 
difference in melting temperatures is split and shared between the two branches. 
Lengths of the lines are proportional to the time since the species last shared 
a common ancestor. The time scale is calibrated using fossil evidence that the 
orang-utan line diverged about 15  million years ago.

Comparing chromosomes
� e DNA of eukaryotic organisms is organised into chromosomes that are 
visible during cell division by mitosis and meiosis.

Chromosomes from di� erent species can be compared in di� erent ways and 
similarities identi� ed by:
•	 	examination	of	the	chromosome banding patterns
•	 	use	of	chromosome painting.
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Table 11.7 shows the diploid number for several ape species. Notice that the 
diploid number in humans is 46 while that in the other great apes (chimps, gorilla, 
orang-utan) is 48. How and when did this change occur? We can answer this by 
looking at the banding patterns of the chromosomes of these species.

TABLE 11.7 Diploid number of chromosomes from various ape species.

Species Diploid chromosome number (2n)

human being, Homo sapiens 46

common chimp, Pan troglodytes 48

bonobo or pygmy chimp, Pan paniscus 48

gorilla, Gorilla gorilla 48

orang-utan, Pongo pygmaeus 48

Banding pattern of chromosomes
� e banding pattern on the various human chromosomes can be matched to 
patterns on regions of chromosomes of other great ape species (see � gure 11.13). 
� is observation strongly suggests that the chromosomes of humans, chimps 
and gorillas share major homologous regions.

XX XXI

IX

XXII X YXIX

XIV XV XVI XVII XVIIIXIII

VII VIII X XI XIIVI

II

p

q

III IV VI

FIGURE 11.13 Chromosome sets or karyotypes of four species of the great apes: 
humans, chimps, gorillas and orang-utans. In each case, the human chromosome 
is at the left, and alongside, in order, are the matching chromosomes of the 
chimp, the gorilla and the orang-utan. (Image courtesy of Dr Mariano Rocchi.)

Figure 11.14 compares the banding patterns on four human chromosomes 
(numbers 2, 3, 4 and X) with the matching chromosomes of the chimp, gorilla 
and orang-utan. Note that the banding pattern of the human number-2 
chromosome corresponds to two shorter chimp chromosomes, number-2A and 
number-2B, and to the same chromosomes in the case of the gorilla and the 
orang-utan. � is observation explains the change from 2n = 48 in the great apes 
to 2n = 46 in humans. � e common ancestor of apes and hominins had a diploid 
number of 48 chromosomes. We can speculate that, after the hominin line sep-
arated from this common ancestor, a chromosome fusion occurred between 
two nonhomologous chromosomes 2A and 2B so that two shorter chromo-
somes were replaced by one longer chromosome. As a result of this fusion, the 
diploid number of chromosomes was reduced from 48 to 46 in humans.

� e chromosomes of various 
species can be identi� ed by a 
three-letter code that consists of 
the � rst letter of the name of the 
genus plus the � rst two letters of 
the speci� c name. So, the human 
number-5 chromosome is denoted 
as HSA 5 and the common 
chimp number-7 chromosome is 
denoted as PTR 7. How would the 
number-11 chromosome of the 
pygmy chimp be denoted: PTR 11 
or PPA 11?
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FIGURE 11.14 Comparison 
of the banding patterns of 
some human chromosomes 
with those of the chimp, 
gorilla and orang-utan. For the 
banding pattern on the human 
number-2 chromosome, note 
that it matches that of two 
short chromosomes of the 
chimp, the gorilla and the 
orang-utan.

Colour-coded chromosomes
A method of ‘painting’ chromosomes, developed in 1996 and known as multi-
colour spectral karyotyping, can reveal homologous chromosomes or regions 
of chromosomes in di� erent species. For example, chromosome painting has 
shown that one group of genes on the human number-6 chromosome also 
exists on the number-5 chromosome of the chimpanzee, the B2 chromosome 
of the domestic cat, the number-7 chromosome of the pig and the number-23 
chromosome of the cow. � is group of genes controls aspects of the immune 
response and is present in all mammals. � e painting method uses probes, 
linked to di� erent numbers and combinations of � uorescent dyes, each of 
which binds to speci� c chromosomes. As a result, each di� erent chromosome 
� uoresces with a unique wavelength signal. Figure 11.15 shows a human spec-
tral karyotype.

It is now possible to purchase the probe ‘paint’ for the DNA of each speci� c 
chromosome. Each � uorescent ‘paint’ of a particular colour binds to one 
speci� c human chromosome.

1 2 3 4 5

6 7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 X Y

FIGURE 11.15 A human 
spectral karyotype showing 
the distinctive colours of each 
chromosome. What colour 
is the paint for the number-3 
chromosome? (Image courtesy 
of the National Human 
Genome Research Institute.)

ODD FACT

The orang-utan number-21 
chromosome (PPY 21) 
corresponds in its banding 
pattern to the human 
number-21 chromosome 
(HSA 21). An orang-utan was 
found with three copies of its 
number-21 chromosome. This 
animal showed clinical signs 
corresponding to the human 
condition known as Down 
syndrome, which is due to 
trisomy-21.
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As well as ‘paints’ for human chromosomes, paints can be prepared for 
other species. Figure 11.16 shows the chromosomes of the tammar wallaby 
(Macropus eugenii) treated with paints for three chromosomes from the 
common brush-tailed possum (Trichosurus vulpecula). Because these two 
marsupial species have both evolved from a common ancestor, it is not unex-
pected that segments matching the possum chromosomes can be identi� ed on 
the wallaby chromosomes (see � gure 11.16).

FIGURE 11.16 Chromosomes 
of the tammar wallaby painted 
with chromosome paints for 
chromosomes of the common 
brush-tailed possum:
 pink = chromosome 4
 green = chromosome 7
 brown = chromosome 9.
 What conclusion can you 
draw about the wallaby 
chromosome that is pink and 
green? (Image courtesy of 
Dr Willem Rens.)

When human chromosome paints are applied to chimp chromosomes, 
almost every di� erent chimp chromosome is painted with a speci� c colour. 
For example, the speci� c paint for the human number-1 chromosome (HSA 1) 
binds only to the chimp number-1 chromosome (PTR 1). Likewise, the speci� c 
paint for the human number-6 chromosome (HSA 6) binds only to the chimp 
number-6 chromosome (PTR 6). A similar situation occurs for the other chimp 
chromosomes. � ese results indicate that each chimp chromosome is homolo-

gous to one speci� c human chromosome. � is � nding 
con� rms the very high degree of homology between 
single human and chimp chromosomes that was indi-
cated by the banding patterns.

One exception is that the ‘paint’ for the human 
number-2 chromosome (HSA 2) binds to two di� erent 
chimp chromosomes, PTR 2A and PTR 2B. � is result 
con� rms that the human number-2 chromosome arose 
during hominid evolution as a result of fusion of two 
smaller chromosomes (see � gure 11.17).

In contrast, when gibbon chromosomes are ‘painted’ 
with human DNA sequences, di� erent colours appear 
on many individual gibbon chromosomes. � is indi-
cates that they contain regions that are homologous to 
several di� erent human chromosomes and indicates a 
greater evolutionary separation between gibbons and 
humans than that between the African great apes and 
humans.

ODD FACT

Chromosome painting has 
revealed that large regions 
of the chromosomes of 
sheep, goats and cattle carry 
matching genes.

FIGURE 11.17 During the 
evolution of the hominins, a fusion 
between two chromosomes 
reduced the diploid number (2n) 
from 48 to 46.

UNCORRECTED 

UNCORRECTED 
When human chromosome paints are applied to chimp chromosomes, 

UNCORRECTED 
When human chromosome paints are applied to chimp chromosomes, 

almost every di� erent chimp chromosome is painted with a speci� c colour. 

UNCORRECTED 
almost every di� erent chimp chromosome is painted with a speci� c colour. 
For example, the speci� c paint for the human number-1 chromosome (HSA 1) 

UNCORRECTED 
For example, the speci� c paint for the human number-1 chromosome (HSA 1) 
binds only to the chimp number-1 chromosome (PTR 1). Likewise, the speci� c 

UNCORRECTED 

binds only to the chimp number-1 chromosome (PTR 1). Likewise, the speci� c 
paint for the human number-6 chromosome (HSA 6) binds only to the chimp 

UNCORRECTED 

paint for the human number-6 chromosome (HSA 6) binds only to the chimp 
number-6 chromosome (PTR 6). A similar situation occurs for the other chimp 

UNCORRECTED 

number-6 chromosome (PTR 6). A similar situation occurs for the other chimp 
chromosomes. � ese results indicate that each chimp chromosome is homolo-

UNCORRECTED 

chromosomes. � ese results indicate that each chimp chromosome is homolo-

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 

n

UNCORRECTED 

n) 

UNCORRECTED 

) 

UNCORRECTED P
AGE P

ROOFS



NATURE OF BIOLOGY 2518

c11HowAreSpeciesRelated 518 25 October 2016 9:30 AM

In summary, chromosome painting can show the degree of relatedness of 
species by:
•	 revealing homologous regions in the chromosomes of di� erent species
•	 providing evidence about how particular karyotypes evolved.

In addition, a higher degree of colour matching between the chromosomes 
of two species indicates a shorter period since they diverged from a common 
ancestor as compared to two species that show a lower degree of matching.

The ‘molecular clock’ concept
It was recognised that the number of di� erences in the proteins of two species 
might indicate the time that had elapsed since these species diverged from 
their most recent common ancestor. � is is the concept of the molecular clock.

In 1966, two American biochemists, Vincent Sarich and Allan Wilson, looked 
at the amino acid sequences of corresponding proteins in related species. � ey 
noted that changes in the amino acid sequences appeared to occur at a steady 
rate. � e longer that two species had existed separately, that is, the longer 
since they shared a common ancestor, the more di� erences in the amino acid 
sequences of their corresponding proteins. � e molecular clock concept arose 
from this. It is the concept of estimating the time since two species diverged, 
based on di� erences in their biological make-up.

Assume that a speci� c protein is estimated to change at the rate of one 
amino acid per million years. � is protein from species A, B and C is compared, 
and four di� erences are found between B and A and ten di� erences between 
B and C. From these data, we may infer that the divergence of the various 
species from common ancestors may have been as shown in � gure 11.18.

Haemoglobin is an oxygen-carrying protein found in all vertebrate animals. 
When the alpha chains of the haemoglobin from a range of vertebrate species 
are compared, di� erences are observed in the amino acid sequences. When 
di� erent pairs of vertebrates are compared, the number of di� erences is seen to 
vary, with more di� erences between less closely related species (see table 11.8).

TABLE 11.8 Comparisons of the percentage differences in the amino acid 
sequence of the alpha chain of the haemoglobin protein of various vertebrates.

Chimp Elephant Platypus Starling Crocodile Carp Shark

Human 3 18 28 29 33 48 50

Chimp 19 28 30 33 47 52

Elephant 32 34 35 44 54

Platypus 37 36 49 50

Starling 33 47 55

Crocodile 49 55

Carp 62

Observations of these di� erences led to the idea that DNA mutates and, as a 
result, a particular protein changes over time at approximately the same rate in 
each evolutionary line. If this assumption is valid, it would be possible to use 
the molecular clock to identify evolutionary relationships and to estimate when 
various modern species last shared a common ancestor. Notice that the croco-
dile, a reptile, di� ers from the mammals by about 34 per cent. Notice also that 
the crocodile di� ers from the bird (starling) by a similar percentage. � is indi-
cates that the evolutionary line that gave rise to the modern crocodiles has been 
separated from the line that gave rise to the birds for about as long as it has been 
separated from the mammalian line. In contrast, notice that humans di� er from 
chimps by a much smaller percentage (3%) than from the elephant (18%). From 

Time (millions of years ago)

A

B

C

10 8 6 4 2 0

FIGURE 11.18 Inferred time 
of divergence of species A, B, 
and C based on the molecular 
clock concept.
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this, it follows that mammals are related and the human line has been sepa-
rated from the elephant line for a longer period than from the chimp line.

Using these observed di� erences, the evolutionary relationship between 
these various species can be inferred, as shown in � gure 11.19a. Looking at 
living organisms can assist us to infer evolutionary relationships, so the present 
helps us to interpret the past.

Calibrating and testing the ‘clock’
� e molecular clock can be calibrated against the fossil record, provided 
adequate fossils exist. For example, in � gure 11.19b, the time scale was inserted 
based on fossil evidence that the � rst sharks appeared in the fossil record in 
the lower part of the Devonian period about 350  Myr ago. It assumes that this 
is the time required to accumulate an average 53 per cent change in shark 
protein compared to the same protein in other groups.

Average percentage difference in protein chains

Shark

Carp
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Starling

Platypus

Elephant

Chimp

Human

051015202530354045505560

Linear scale
using 53% as equivalent
to 350 Myr

(a)

Uncorrected time scale (Myr)

Based on
fossil evidence

(b)
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Corrected time scale (Myr)

(c)
350 140160 65 0

FIGURE 11.19 (a) Evolutionary 
relationship based on percentage 
differences in the alpha chain 
of haemoglobin of various 
vertebrates. The horizontal lines 
do not identify the time span of 
existence of the modern species 
but identify the time span of 
the line leading to the modern 
species. (b) Uncorrected time 
scale based on two points, 
0.0 and 53 per cent where the 
latter is equated to 350  Myr, the 
time of the � rst appearance of 
the shark line in the fossil record. 
(c) Time scale corrected for the 
fossil record appearance of all 
groups concerned.

In setting the time scale, it must be recognised that, when the percentage dif-
ferences between the proteins of various species are large, these di� erences are 
underestimates. Why? Because, over long periods of time, some early changes 
can be reversed by later changes so that the evidence of the change is lost. A 
mathematical correction is made to take this into account (see � gure 11.19c).

To test data from the molecular clock, three species are required:
•	 two that are closely related (such as two mammals, M1 and M2)
•	 a third species for reference (R) that diverged before species M1 and M2 

diverged, such as a reptile.
� e timing indicated by the molecular clock is valid if the di� erence between 

M1 and R is similar to the di� erence between M2 and R. In the case of the 
alpha haemoglobin protein, the molecular clock passes this test.
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Showing relatedness
Relationships between species (and larger taxonomic groups) may be shown 
visually by the use of diagrams termed:
•	 phylogenetic trees
•	 cladograms.

After realising that species are not �xed and unchanging, Darwin recognised 
that, over time, one species could change and that new species could emerge. 
In his 1837 notebook (refer back to �gure 11.1), Darwin wrote ‘I think’ and then 
made a sketch to show one form of life branching to give rise to multiple forms. 
�is sketch shows the evolutionary relationship between four groups of species.

A diagram of this type is called a phylogenetic tree. Figure 11.20 shows the 
phylogenetic tree of life that captures all groups of living organisms. �is tree is a 
product of Darwin’s evolutionary theory that illustrates the inter-connectedness 
of all life forms through evolution.
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Methanococcus

Halophiles

Archaea

Phylogenetic Tree of Life

EukaryotaBacteria

Entamoebae
Slime
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Fungi

Plants
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FIGURE 11.20 A tree of life is a diagram that shows the degree of evolutionary 
relatedness of all the groups of life forms on planet Earth. Diagrams like this are 
called phylogenetic trees.

Phylogenetic trees
Phylogenetic trees are also called evolutionary trees. �ey are branching dia-
grams that show inferred evolutionary relationships or lines of evolutionary 
descent among biological groups or taxa (singular = taxon). �ese groups may 
be individual species or they may be larger groups. For example, Darwin’s 
sketch in his 1837 notebook shows a phylogenetic tree for groups of species, 
and �gure 11.20 above shows a tree for large groups that encompass all of 
Earth’s life forms.

Phylogenetic trees illustrate evolutionary history as inferred from molecular 
data or other evidence. Molecular evidence includes amino acid sequences of 
proteins, RNA sequences, and DNA sequences. In the case of DNA sequences, 
these may be nuclear or mitochondrial DNA and may be coding or non-
coding DNA. Phylogenetic trees are not �xed, but are subject to change as new 
research results are published.

Unit 4 Phylogenetic trees
Summary 
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practice questions
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Taxon (plural = taxa) is a 
taxonomic group of any rank, such 
as a species, family, or class.
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Limitations of the molecular clock
A molecular clock based on percentage di�erences between corresponding 
genes or proteins does not keep perfect time and care must be taken in making 
inferences.

Research has shown that the following limitations can apply to the use of the 
molecular clock:
•	 �e molecular clock ‘ticks’ at di�erent rates for di�erent proteins. �e alpha 

haemoglobin protein appears to change at the rate of about one amino acid 
every �ve to six Myr, while a particular histone protein changes at the rate of 
only one amino acid every 5000  Myr. It is not valid to draw conclusions by 
combining the rates of change in di�erent proteins.

•	 �e rates of change of the same protein can di�er in di�erent groups. For 
example, the rate of change in a protein from plant groups has been shown 
to be slower than the rate for the same protein in animal groups.
However, the molecular clock remains a valuable technique provided it is 

used with appropriate care.

KEY IDEAS

 ■ Species are related through evolution, with the degree of relatedness 
differing according to when two species last shared a common ancestor.

 ■ Differences in both DNA base sequences and the amino acid sequences 
of proteins can be used to assess degrees of relationship between species 
and infer their evolutionary history.

 ■ Reductions in the melting temperatures of double-stranded DNA molecules 
hybridised from two species can provide a clue to the degree of relatedness 
of the two species.

 ■ Chromosome painting can reveal homologous regions of chromosomes 
from related species.

 ■ Chromosome painting is one tool that can be used to compare the 
genomes of different species.

 ■ Within limits, the molecular clock is a technique for putting a time scale on 
speciation events.

QUICK CHECK

1 Identify the following as true or false:
a The same protein would be expected to mutate at the same rate in 

different organisms.
b The smaller the reduction in the melting temperature of hybrid DNA from 

two species, the more closely related they are.
c More closely related species can be inferred to have shared a common 

ancestor more recently than less closely related species.
d A phylogenetic tree is a diagram that can be used to show the 

evolutionary relationships between species.
e The human number-2 chromosome (HSA 2) corresponds to PTR 2A and 2B.

2 Species F and G are related, and species D and E are also related.
a Identify a molecular technique that you could use to determine which pair 

is more closely related.
b Assuming that F and G are the more closely related pair of species, outline 

the results you would expect using your selected molecular technique.
3 Select the appropriate alternative, and in each case, brie�y explain your choice:

a The longer the time since two species shared a common ancestor, the 
<more/less> similar are the amino acid sequences of a protein common 
to both species.

b The common ancestor of the great apes would be expected to have had 
a diploid chromosome number of <46/48>.
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Showing relatedness
Relationships between species (and larger taxonomic groups) may be shown 
visually by the use of diagrams termed:
•	 phylogenetic trees
•	 cladograms.

After realising that species are not � xed and unchanging, Darwin recognised 
that, over time, one species could change and that new species could emerge. 
In his 1837 notebook (refer back to � gure 11.1), Darwin wrote ‘I think’ and then 
made a sketch to show one form of life branching to give rise to multiple forms. 
� is sketch shows the evolutionary relationship between four groups of species.

A diagram of this type is called a phylogenetic tree. Figure 11.20 shows the 
phylogenetic tree of life that captures all groups of living organisms. � is tree is a 
product of Darwin’s evolutionary theory that illustrates the inter-connectedness 
of all life forms through evolution.
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FIGURE 11.20 A tree of life is a diagram that shows the degree of evolutionary 
relatedness of all the groups of life forms on planet Earth. Diagrams like this are 
called phylogenetic trees.

Phylogenetic trees
Phylogenetic trees are also called evolutionary trees. � ey are branching dia-
grams that show inferred evolutionary relationships or lines of evolutionary 
descent among biological groups or taxa (singular = taxon). � ese groups may 
be individual species or they may be larger groups. For example, Darwin’s 
sketch in his 1837 notebook shows a phylogenetic tree for groups of species, 
and � gure 11.20 above shows a tree for large groups that encompass all of 
Earth’s life forms.

Phylogenetic trees illustrate evolutionary history as inferred from molecular 
data or other evidence. Molecular evidence includes amino acid sequences of 
proteins, RNA sequences, and DNA sequences. In the case of DNA sequences, 
these may be nuclear or mitochondrial DNA and may be coding or non-
coding DNA. Phylogenetic trees are not � xed, but are subject to change as new 
research results are published.
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Phylogenetic trees can be drawn using diagonal or horizontal or vertical 
lines (see � gure 11.21). Each is correct.
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FIGURE 11.21 Simple phylogenetic trees of living insect groups drawn (a) using diagonal branch lines, 
(b) using vertical branch lines, and (c) using horizontal branch lines. All versions are correct. Note that 
a time scale is not always included in every phylogenetic tree. However, time can always be assumed 
to run from the root of the tree (past) to the tips (present).

Figure 11.22, which follows, is a more detailed diagram identifying various 
features of a phylogenetic tree.
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FIGURE 11.22 Diagram showing the typical features of a phylogenetic tree.

Check out this � gure and note each of the following features in this phyloge-
netic tree:

 – � e tips or terminals of a ‘tree’ are the descendant groups (taxa); the taxa 
are most commonly single species, but they can also be larger taxonomic 
groups, such as mammals or even larger, such as vertebrates. However, 
the tips can even be individual genes.

 – A node denotes an ancestor of two (or more) descendants.
 – A branch indicates a speciation event and shows the relationship between 

an ancestor and a descendant of that ancestor.
 – � e root is the common ancestor of all taxa shown in the tree.
 – A sister taxa is, in fact, two groups, such as two species, with a common 

ancestor that is not shared with other taxa.
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Note that the branch length conveys key information in a phylogenetic tree:
•	 In some trees, a time scale is included that may be a geological time scale in 

millions of years. In this case, the branch length denotes a period of time. If a 
time scale is not given, the longer a branch, the longer the time period it denotes.

•	 In other trees, a scale is included that indicates the amount of molecular 
change that has occurred between species (or other taxa). � e amount of 
molecular change denoted by the branch length may be the number of dif-
ferences in DNA base sequences between two species or the number of 
di� erences in the amino acid sequences of a protein.

   � e scale may indicate either the actual number of changes or the per-
centage change (such as 0.1 or 10%). What is it in � gure 11.22 above?

•	 � e evolutionary distance between two species (or other taxa) is shown by the 
combined length of the two branches leading to each species.
� e phylogenetic tree in � gure 11.22 above is a very simple one. In reality, 

building a phylogenetic tree is an onerous task when multiple species are 
involved and when DNA sequences being compared may be up to 1000  nucle-
otides long.

Several websites are available where researchers can submit DNA sequences. 
� e sequences are aligned and the ‘best’ or most robust phylogenetic tree is 
constructed based on the percentage identities of the DNA sequences sub-
mitted. Examples of these sites include Phylogeny.fr and phyloGenerator.

Interpreting phylogenetic trees
Now, check out � gure 11.23, which shows a phylogenetic tree of the taxonomic 
group called the vertebrates. You are included in that tree within the placental 
mammals.

500 400 300 200 100 0

Non-avian dinosaurs

Millions of
years ago

Birds
Crocodiles
Snakes
Lizards
Turtles
Placentals
Marsupials
Monotremes
Frogs & salamanders
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Coelacanths
Ray-�nned �sh
Cartilaginous �sh
Placoderms
Jawless �sh

Extinct lineage =

FIGURE 11.23 Phylogenetic tree showing the relatedness of most vertebrate 
groups. Note the extinct lineage of the placoderms — the armoured � sh. One line 
of dinosaurs known as the theropods diverged, giving rise to the � rst birds. Not 
all extinct groups are shown in this phylogenetic tree — among the absentees are 
the pterosaurs (� ying reptiles) and the plesiosaurs (marine reptiles).
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Let’s look at a phylogenetic tree that shows the evolutionary relationship 
between species.

Paci� c salmon and Paci� c trout are members of the genus Oncorhynchus. 
Figure 11.24 shows mature males (lower row) and females (upper row) 
of Paci� c salmon: from left, pink salmon (O. gorbuscha), sockeye salmon 
(O. nerka) and masu salmon (O. masou). Atlantic salmon are members of a 
di� erent genus (Salmo salva).

Oncorhynchus gorbuscha Oncorhynchus nerka Oncorhynchus masou

FIGURE 11.24 The genus Oncorhynchus contains 17 species, commonly called salmon and trout. This image shows three 
mature male and female species of Paci� c salmon in the mating season. Note the hook on the upper jaw of the male � sh, 
which appears in the mating season when salmon migrate from the ocean to their spawning grounds in upland rivers.

Figure 11.25 shows a phylogenetic tree of eight species in the genus 
Oncorhynchus that is the group of interest. � e less closely related Atlantic 
salmon (Salmo salva) is included as an outgroup, that is, a taxon outside the 
particular group of interest. An outgroup branches directly from the base of the 
phylogenetic tree.

O. mykiss
(rainbow trout)

38

58

58

62

16

35

O. clarki
(cutthroat trout)
O. tschawytscha
(chinook salmon)

O. kisutch
(coho salmon)

O. nerka
(sockeye salmon)

O. keta
(chum salmon)

O. gorbuscha
(pink salmon)

O. masou
(masu salmon)

S. salva
(Atlantic salmon)

Number of nucleotide substitutions
0 20 40 60 80

The Paci�c
salmon group

The Paci�c
trout group

A-lineage

B-lineage

FIGURE 11.25 Phylogenetic tree of eight species of salmon and trout of the genus Oncorhynchus, and the 
Atlantic salmon (Salmo salva) as the outgroup. The value given to each branch is the result of the bootstrap 
test (see marginal note on page 525). The scale bar shows the number of nucleotide substitutions. (Source: 
Kitano, T., Matsuoka, N. and Saitou, N. 1997, ‘Phylogenetic relationship of the genus Oncorhynchus species 
inferred from nuclear and mitochondrial markers’, Genes & Genetic Systems, 72, p. 30.)
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early Miocene (15 to 20  million 
years ago).
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� is tree was prepared using nucleotide sequence data from the D-loop of 
mitochondrial DNA. � is example illustrates how phylogenetic trees are useful 
for organising information about biological diversity, for structuring classi� -
cations, and for providing insight to the evolutionary history of species. � is 
phylogenetic tree illustrates the adaptive radiation of the genus Oncorhynchus, 
when an ancestral species reached the Paci� c Ocean.

Cladograms also show relationships
Another type of diagram that can be used to illustrate evolutionary relatedness 
is a cladogram.

Like a phylogenetic tree, a cladogram is a diagram that shows the relationships 
between groups of organisms. A cladogram is another way of organising groups 
of organisms based on similarities arising from their evolutionary relationships.

In the cladistic method, organisms are organised into groups called clades
on the basis of the presence of so-called derived characters or features that 
they share.
•	 A derived character is a novel feature that can be assumed to have evolved 

from an original character present in an ancestral organism.
•	 An original or ancestral character is the state of the character that was 

inferred to be present in the common ancestor of the clade.
Characters can change from one state (original or ancestral) to another 

(derived or novel) through the process of evolution. In cladistics, the focus is 
not on the presence of all shared features. Cladistics only looks at the presence 
of shared derived features.

So, of star� sh, jelly� sh, and humans, which two are the most closely related? 
If you consider shared features, such as (i) habitat — aquatic or terrestrial, 
(ii) symmetry — radial or bilateral, and (iii) structure — invertebrate or ver-
tebrate, you may well decide that star� sh and jelly� sh are the most closely 
related pair as they share all three of these features.

However, the features of radial symmetry, aquatic habitat and invertebrate 
structure are all traits that were present in the common ancestor of all animals. 
As such, these features are shared original or ancestral features, not shared 
derived features, and are not useful in a cladistics analysis.

In fact, the most closely related pair is the star� sh–human pair! In inferring 
relationships using a cladistic analysis, shared derived features must be used. 
Figure 11.26 is a reminder that care must be taken in selecting the features to 
be used in a cladistics analysis.

I’m more closely
related to humans than

to you guys.

But we’re so
like you!

FIGURE 11.26 Star� sh (and other echinoderms) and chordates (including 
humans) share a derived novel feature that is not present in other animals. This 
derived feature relates to the timing of the formation of the mouth and the anus 
during very early embryonic development. In echinoderms and chordates only, 
the anus forms � rst and, later, the mouth.

� e bootstrap test checks the 
reliability of location of interior 
branches in a phylogenetic tree. In 
general, the higher the bootstrap 
value, the higher the probability 
that the branch position is robust 
and ‘correct’.

Cladistics was introduced in Nature 
of Biology Book 1 Fifth edition on 
page 255.
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Let’s look at a phylogenetic tree that shows the evolutionary relationship 
between species.

Paci� c salmon and Paci� c trout are members of the genus Oncorhynchus. 
Figure 11.24 shows mature males (lower row) and females (upper row) 
of Paci� c salmon: from left, pink salmon (O. gorbuscha), sockeye salmon 
(O. nerka) and masu salmon (O. masou). Atlantic salmon are members of a 
di� erent genus (Salmo salva).

Oncorhynchus gorbuscha Oncorhynchus nerka Oncorhynchus masou

FIGURE 11.24 The genus Oncorhynchus contains 17 species, commonly called salmon and trout. This image shows three 
mature male and female species of Paci� c salmon in the mating season. Note the hook on the upper jaw of the male � sh, 
which appears in the mating season when salmon migrate from the ocean to their spawning grounds in upland rivers.

Figure 11.25 shows a phylogenetic tree of eight species in the genus 
Oncorhynchus that is the group of interest. � e less closely related Atlantic 
salmon (Salmo salva) is included as an outgroup, that is, a taxon outside the 
particular group of interest. An outgroup branches directly from the base of the 
phylogenetic tree.
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FIGURE 11.25 Phylogenetic tree of eight species of salmon and trout of the genus Oncorhynchus, and the 
Atlantic salmon (Salmo salva) as the outgroup. The value given to each branch is the result of the bootstrap 
test (see marginal note on page 525). The scale bar shows the number of nucleotide substitutions. (Source: 
Kitano, T., Matsuoka, N. and Saitou, N. 1997, ‘Phylogenetic relationship of the genus Oncorhynchus species 
inferred from nuclear and mitochondrial markers’, Genes & Genetic Systems, 72, p. 30.)
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Note that in a cladogram:
•	 all groups always appear at the endpoints, regardless of whether they are 

living or extinct. Contrast this with a phylogenetic tree, which shows extinct 
species at relevant positions on a time scale (refer back to � gure 11.23 on 
page 523).

•	 the lengths of the branch lines in a cladogram do not convey information 
about evolutionary times or rates of evolution. Contrast this with a phyloge-
netic tree, which includes a time scale, perhaps in millions of years, or an 
axis showing rates of base changes or amino acid substitutions (refer back to 
� gures 11.23 and 11.25 above).
In a cladogram, a grouping that includes a common ancestor and all 

the descendants (living and extinct) of that ancestor form a clade (see 
� gure 11.27). Note the lizard–snake clade, which is shaded. Do crocodiles and 
plesiosaurs form a clade? � ere is a grouping known as clade Dinosauria. Can 
you identify it in this � gure? What is interesting about this clade?
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FIGURE 11.27 A cladogram 
showing many reptilian 
groups. Birds are also 
included. (Why?) Note one 
of the clades (shown as 
a shaded area) within this 
cladogram. Can you identify 
one or more other clades? 
The therapsids were ancestral 
to the mammals.

Cladograms are constructed by � nding the simplest arrangement of shared 
derived characters that are in a group of organisms. Let’s look at an example 
of a cladistics analysis of vertebrates and the resulting cladogram that shows 
their evolutionary relationships.

We can start with a table that shows some relevant character states in a 
group of animals (see table 11.9).

TABLE 11.9 Table showing character states for groups of vertebrate animals. In this table, a ‘0’ means that the derived 
character is absent, and a ‘1’ indicates that the derived character is present.

character
sharks 
and kin

ray-� nned 
� sh amphibians primates rabbits 

crocodiles 
and kin

dinosaurs 
and birds

vertebral column 1 1 1 1 1 1 1

jaws 1 1 1 1 1 1 1

bony skeleton 0 1 1 1 1 1 1

four limbs 0 0 1 1 1 1 1

amniotic egg 0 0 0 1 1 1 1

hair 0 0 0 1 1 0 0

pre-orbital fenestra 0 0 0 0 0 0 1

A pre-orbital fenestra (also termed an antorbital fenestra) is a hole in the skull located in front of the eye socket. � is state is present only in 
dinosaurs and birds (see � gure 11.28).
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FIGURE 11.28 Diagram of dinosaur skull 
showing the pre-orbital (antorbital) fenestra.

� e cladogram that is the best � t of the data in table 11.9 above is shown in 
� gure 11.29 below.

Sharks

Pre-orbital
fenestra

Amniotic egg

Hair

Four limbs

Bony skeleton

Vertebrae

Amphibians Primates Dinosaurs
& birds

CrocodilesRodents
& rabbits

Ray-�nned
�sh

FIGURE 11.29 Cladogram of vertebrate groups showing the ‘best � t’ order in which these various derived novel 
features appeared in descendants of the common ancestor of this group. The common ancestor can be inferred to 
have the original state of these features. An amniotic egg is one that has a tough outer shell.

� e cladogram in � gure 11.29 above is a simple example that shows just 
a small number of structural features. In a serious cladistics analysis, a large 
number of inherited characters are examined. While the character states may 
often relate to structural characters, other characters such as biochemical, 
genetic and inherited behavioural characters may also be included.

� e cladogram shown in � gure 11.29 above can also be shown using vertical 
branch lines (see � gure 11.30).
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FIGURE 11.30 Cladogram drawn with vertical lines showing the evolutionary 
relationships for a group of vertebrates.

Cladistic analysis is not con� ned to animal groups. Figure 11.31 is an 
example of a cladogram that shows inferred evolutionary relationships for 
plants.

FIGURE 11.31 Cladogram showing inferred evolutionary relationships of plant 
groups.

Liverworts

Moss

Club moss

Ferns

Cycads

Flowering plants

Flowers evolved

Seeds evolved

Vascular tissue evolved

Value of phylogenetic analyses
Phylogenetic studies have made valuable contributions to our understanding 
in many � elds, including:
•	 identifying genetic variation within natural populations of a species and its 

subspecies
•	 reconstructing the evolutionary history of a species or a genus
•	 assisting our understanding of human prehistory, including early migrations 

of modern humans
•	 clarifying the relationship between modern humans, Homo sapiens, and the 

extinct species Homo neanderthalensis and H. denisovans
•	 identifying the origin of human viral diseases that have jumped from other 

species (zoonotic diseases).

UNCORRECTED 

UNCORRECTED 

UNCORRECTED 
Vascular tissue evolved

UNCORRECTED 
Vascular tissue evolved

PAGE 

PAGE 

PAGE 

PAGE 
Cladistic analysis is not con� ned to animal groups. Figure 11.31 is an 

PAGE 
Cladistic analysis is not con� ned to animal groups. Figure 11.31 is an 

example of a cladogram that shows inferred evolutionary relationships for 

PAGE 
example of a cladogram that shows inferred evolutionary relationships for 

PAGE P
ROOFS4 Amniotic egg

PROOFS4 Amniotic egg

fenestra

PROOFS
fenestra

PROOFS

PROOFS

Cladogram drawn with vertical lines showing the evolutionary 

PROOFS

Cladogram drawn with vertical lines showing the evolutionary 

PROOFS



529CHAPTER 11 How are species related?

c11HowAreSpeciesRelated 529 25 October 2016 9:30 AM

KEY IDEAS

 ■ Relationships between organisms can be shown in different kinds of 
diagrams called phylogenetic trees and cladograms.

 ■ Phylogenetic trees and cladograms enable inferences to be made about 
the evolutionary history of groups of organisms.

 ■ Phylogenetic trees are typically based on molecular data, while cladograms 
use shared derived features (which can be molecular) that are inferred to 
have evolved from an original character present in an ancestral organism.

 ■ Molecular data, including differences in DNA base sequences and 
amino acid sequences of proteins, are used as a basis for constructing 
phylogenetic trees.

 ■ The greater the number of molecular differences between two taxa, the 
longer the period since they diverged.

 ■ Inferences from phylogenetic trees and cladograms are subject to revision 
as new data become available.

QUICK CHECK

4 Identify the following as true or false:
a A diagram showing evolutionary relationships that has an extinct 

organism at one of its tips would be a phylogenetic tree.
b Species that are more closely related can be inferred to have shared a 

common ancestor more recently than less closely related species.
c One kind of DNA that can provide sequences for constructing a 

phylogenetic tree is that of the D-loop of mitochondrial DNA (mtDNA).
d A phylogenetic tree is a diagram that can show the evolutionary 

relationships between species.
e In a cladistics analysis of different organisms, the organisms are separated 

into groups on the basis of shared ancestral features.
5 Identify one relevant difference between the members of the following pairs:

a a phylogenetic tree and a cladogram
b a derived feature and an original feature (in cladistics)
c a node and a branch (in a phylogenetic tree).

6 Select the appropriate alternative, and in each case, brie�y explain your choice:
a The fewer the differences in the matching DNA sequences of two species 

that share a common ancestor, the <longer/shorter> the period since they 
diverged.

b A group identi�ed as a clade comprises a <common ancestor/descendants 
of a common ancestor/both a common ancestor and its descendants>.

Cichlids of the African Lakes
�e Great Rift Valley of East Africa is the location of the three largest lakes in 
Africa: Lake Malawi, Lake Tanganyika and Lake Victoria (see �gure 11.32). 
(Lake Malawi is a World Heritage site.)

�ese three lakes are the habitats of a remarkable group of �sh called 
cichlids. Lake Victoria is home to about 500 cichlid species, Lake Malawi is 
home to about 800 to 1000 other cichlid species, and Lake Tanganyika is home 
to about a further 250 di�erent species of cichlid. Figure 11.33 shows a tiny 
sample of these cichlid species. �e cichlids of each lake form what is termed 
a species �ock. �e term species �ock is applied to a large group of closely 
related species living in a con�ned area, such as a lake or on an island. �e 
cichlids in each of the African lakes have evolved independently so that each 
lake has a unique species �ock.

UNCORRECTED 

UNCORRECTED phylogenetic tree is that of the D-loop of mitochondrial DNA (mtDNA).

UNCORRECTED phylogenetic tree is that of the D-loop of mitochondrial DNA (mtDNA).
A phylogenetic tr

UNCORRECTED A phylogenetic tr
relationships between species.

UNCORRECTED relationships between species.
In a cladistics analysis of dif

UNCORRECTED 
In a cladistics analysis of dif
into groups on the basis of shared ancestral features.

UNCORRECTED 
into groups on the basis of shared ancestral features.

Identify one r

UNCORRECTED 
Identify one relevant difference between the members of the following pairs:

UNCORRECTED 
elevant difference between the members of the following pairs:

a

UNCORRECTED 
a a phylogenetic tr

UNCORRECTED 
a phylogenetic tr

b

UNCORRECTED 
b a derived featur

UNCORRECTED 
a derived featur

c

UNCORRECTED 

c a node and a branch (in a phylogenetic tr

UNCORRECTED 

a node and a branch (in a phylogenetic tr
6

UNCORRECTED 

6 Select the appr

UNCORRECTED 

Select the appr

PAGE 

PAGE 

PAGE Identify the following as true or false:

PAGE Identify the following as true or false:
A diagram showing evolutionary r

PAGE 
A diagram showing evolutionary relationships that has an extinct 

PAGE 
elationships that has an extinct 

organism at one of its tips would be a phylogenetic tree.

PAGE 
organism at one of its tips would be a phylogenetic tree.

e more closely related can be inferred to have shared a 

PAGE 
e more closely related can be inferred to have shared a 

common ancestor more recently than less closely related species.

PAGE 
common ancestor more recently than less closely related species.
One kind of DNA that can prPAGE 
One kind of DNA that can pr
phylogenetic tree is that of the D-loop of mitochondrial DNA (mtDNA).PAGE 

phylogenetic tree is that of the D-loop of mitochondrial DNA (mtDNA).
ee is a diagram that can show the evolutionary PAGE 

ee is a diagram that can show the evolutionary 

PROOFS

PROOFS

PROOFS
Molecular data, including differences in DNA base sequences and 

PROOFS
Molecular data, including differences in DNA base sequences and 
amino acid sequences of proteins, are used as a basis for constructing 

PROOFSamino acid sequences of proteins, are used as a basis for constructing 

The greater the number of molecular differences between two taxa, the 

PROOFS
The greater the number of molecular differences between two taxa, the 

Inferences from phylogenetic trees and cladograms are subject to revision 

PROOFS
Inferences from phylogenetic trees and cladograms are subject to revision 

PROOFS

PROOFS

PROOFS



NATURE OF BIOLOGY 2530

c11HowAreSpeciesRelated 530 25 October 2016 9:30 AM

FIGURE 11.32 Lake Victoria, Lake Tanganyika and Lake Malawi are the habitats 
of the � ocks of freshwater � sh called cichlids (pronounced sick-lids).
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� e emergence of the species � ock in each of the three great African lakes 
is an example of adaptive radiation. � e adaptive radiation of the cichlids has 
been described by some researchers as being ‘explosive’. � e term explosive 
refers to the rapidity and the scale of evolutionary change that has generated 
so many species over a relatively short time frame. � e speed with which this 
diversi� cation has occurred is remarkable. � e 500 cichlid species of Lake 
Victoria evolved within the past 10  000 to 15  000 years. No other animal group 
has evolved at anything like this rate. For example, the ground � nches of the 
Galapagos Islands (refer back to chapter 10) have diversi� ed with 14 species 
emerging in a period of several million years.

ODD FACT

Sadly, the introduction of Nile 
perch (Lates niloticus) in the 
1950s and over� shing have 
resulted in a marked decline 
in many cichlid species, in 
particular in Lake Victoria.
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FIGURE 11.33 A small sample 
of cichlid species. Note, in 
particular, the different shaped 
jaws and associated ‘lips’ that 
equip these � sh to occupy 
different feeding niches. One 
set of cichlid lips (termed 
‘Angelina Jolie’ lips by one 
researcher) act as a seal and 
enable the � sh to suck prey 
from narrow crevices in rocks!

Feeding habits of cichlids
� e di� erent cichlid species in each lake show great diversity in structure and 
behaviour, in particular in their feeding habits. Cichlids display a range of spe-
cialised feeding habits. Some graze on algae growing on rocks, some feed on 
� lamentous algae growing on other algae, some prey on � sh and dine on � esh — 
or scales that they tear from their prey, some feed on plankton that they suck 
from the water, some eat insects, and some crush snails. � is diversity of 
feeding behaviours means that interspeci� c competition between the cichlids 
within a species � ock in a lake is minimised. In addition, di� erent cichlid 
species occupy di� erent habitats in the lakes, including rocky areas, sandy 
shallows and deep water.

� e specialised feeding behaviours of cichlids have been enabled by the 
development of many di� erent phenotypes of jaw shape. � ese various jaw 
shapes enable the cichlids to bite or scrape or suck or crush. Are mutations in 
many structural genes required to produce this diverse range of jaw shapes? 
� e answer is ‘No!’ Instead, what has been discovered is that changes in when
and where and how much a few master genes are expressed can generate an 
enormous diversity of shapes and sizes.

BMP4: a master gene
� e jaw shape of cichlids is determined during their embryonic development 
by the level of expression of the BMP4 gene. � e BMP4 gene is expressed in a 
signalling molecule, the bone morphogenetic protein. A shift in either the time 
of expression of the BMP4 gene, the level of expression or where it is expressed 
can produce a diversity of jaw shapes.

ODD FACT

The outer row of teeth in 
‘biting’ cichlids comprises 
small, closely spaced teeth 
with multiple cusps. In 
cichlids that feed by suction, 
the outer row of teeth are 
large, with fewer cusps, 
and are widely spaced. All 
cichlids also have a second 
row of teeth in a smaller jaw 
located in their throats.
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In cichlids, di� erential expression of BMP4 is correlated with dental pat-
terning and with jaw development. When BMP4 is expressed at higher levels, 
as occurs in the biting cichlids, the jaw develops into a shorter, robust struc-
ture, with teeth that are small and closely spaced. In contrast, when BMP4 
expression is reduced, as occurs in cichlids that feed by suction, the jaw is 
more elongate and the teeth are larger and spaced like a comb. Figure 11.34 
shows the result of the di� erential expressions of BMP4 on the shape of the 
lower jaws of three members of the Cichlidae family that di� er in their feeding 
habits. Note the di� erences in jaw shape and tooth number.

(a) (b) (c)

FIGURE 11.34 Photos (not to same scale) of lower jaws (looking down from above) 
of three � sh from the Cichlidae family. From left: (a) � esh-eating Dimidiochromis 
compressiceps, a large narrow-bodied fast-moving predatory cichlid with a long, 
narrow jaw with few teeth; (b) Maylandia zebra, a � lter-feeding cichlid that feeds on 
free-� oating plankton, diatoms and algae; (c) Labeotropheus fuelleborni, a ‘biting’ 
cichlid that uses its downward-oriented mouth with a short robust lower jaw with 
many teeth used to bite algae from rocks. (Source: Fraser, G.J., Hulsey, C.D., 
Bloomquist, R.F., Uyesugi, K., Manley, N.R. and Streelman, J.T. 2009, ‘An ancient 
gene network is co-opted for teeth on old and new jaws’, PLoS Biology, 7(2).)

BMP4 in Darwin’s � nches
In chapter 10 (refer back to page 448), you were introduced to the ground 
� nches of the Galapagos Islands, also known as Darwin’s � nches, as an 
example of adaptive radiation. Figure 11.35 shows a phylogenetic tree of 
Darwin’s � nches. Note that one group of six species of ground � nch forms a 
very closely related group — the Geospiza group.
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FIGURE 11.35 The Geospiza 
ground � nches species have 
diversi� ed to exploit a range 
of foods, including seeds of 
various sizes, nectar of cactus 
� owers and cactus fruits, as 
summarised in Table 11.10. 
Figure 11.36 shows a sketch 
of four species observed by 
Darwin when he was on the 
Galapagos Islands.

Weblink 
Cichlids from Lake Malawi
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FIGURE 11.36 Drawings 
of four species of Darwin’s 
� nches. Geospiza parvula is 
now known as Camarhynchus 
parvulus. Note the marked 
differences in beak sizes.

TABLE 11.10 Six species of the Geospiza group of Darwin’s � nches, their food, 
and their beak shape.

species food source beak shape

Geospiza di�  cillis seeds and insects small pointed beak

G. fuliginosa small seeds broad, deep beak

G. fortis medium seeds broad, deep beak

G. magnirostris large seeds broad, deep beak

G. scandens cactus nectar and fruits long, pointed beak

G. conirostris cactus nectar and fruits long, pointed beak

� e specialised beak shapes of the Geospiza � nches are determined by dif-
ferential patterns of expression of the BMP4 gene. � e product of its expression 
is the bone morphogenetic protein, a signalling molecule involved in bone and 
cartilage development. Researchers found a correlation between beak shape 
(morphology) and the expression of the BMP4 gene in the upper beak pri-
mordia (early-forming tissue) of developing � nch embryos.

In the early development of the seed-crushing species, low expression of 
BMP4 was detected in the mesenchyme of the upper beak, and this corre-
lated with low beak width and depth. In contrast, high expression of BMP4 is 
correlated with beaks of greater widths and depths. (Mesenchyme is embry-
onic tissue that can develop into bone and cartilage.)

As would be expected, BMP4 gene expression is much greater in the devel-
oping embryos of the large ground � nch, G. magnirostris, and its protein product 
is found in greater amounts as compared to � nches with smaller, thinner beaks, 
such as G. scandens. Expression of this gene controls beak width and height.

Expression of another gene, the CaM gene that encodes the signalling mol-
ecule, calmodulin, has been found to control beak elongation. Calmodulin 
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is a calcium-binding protein that regulates the action of other cell proteins 
involved in development.

In summary:
•	 � e BMP4 gene controls beak width and depth and its expression results 

in the development of the broader, heavier beaks found in the seed-eating 
� nches.

•	 � e CaM gene controls beak length, and its expression produces the longer 
probing beaks of the cactus � nches.
Figure 11.37 shows the interaction of the BMP4 gene and the CaM gene in 

producing di� erent beak shapes.
Master genes, such as BMP4 and CaM, control aspects of embryonic devel-

opment. Changes to their times of expression, their levels of expression and 
their sites of their expression can produce a diverse range of novel phenotypes.

Ancestor
Ate seeds and insects

Low (CaM)
short beak

High (CaM)
elongated beak

Low (BMP4)
low beak
depth/width

Cactus �nch
Probes cactus �owers/fruit

Largo ground �nch
Crushes hard/large seeds

Low (CaM)
short beak

Early/high (BMP4)
high beak
depth/width

Low (BMP4)
low beak depth/width

FIGURE 11.37 Diagram 
showing how the differential 
expressions of two master 
genes, BMP4 and CaM, 
can result in a variety of 
beak shapes. High levels of 
expression of the BMP4 gene 
result in wider and higher 
beaks, and high levels of 
expression of the CaM gene 
produce longer beaks.

KEY IDEAS

 ■ Expression of BMP4, a master gene, during embryonic development of 
cichlid � sh controls jaw shape in the developing cichlid � sh embryos, and 
beak shape in � nches.

 ■ The product of the BMP4 gene is a signalling molecule, bone morphogenetic 
protein 4.

 ■ Higher levels of BMP4 expression in the cichlid embryo result in a shorter 
and more robust jaw, and wider and deeper upper beaks in � nch embryos.

 ■ In � nches, a second master gene, CaM, controls beak length.
 ■ Slight variations in the timing, levels, and sites of expression of the 
BMP4 gene can generate a range of novel jaw phenotypes in cichlids and 
beak phenotypes in � nches.
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QUICK CHECK

7 Identify the following as true or false:
a Jaw formation in a cichlid feeding on snails would be associated with a 

high level of expression of the BMP4 gene.
b  In Darwin’s � nches, beak length is controlled by the BMP4 gene.
c  The embryonic development of an adult � nch that feeds on nectar 

from � owers would be associated with a high level of expression of the 
CaM gene.

d  Embryonic beak development in Geospiza magnirostris would be 
associated with a high level of expression of BMP4.

e Slight variations in the timing and the level of expression of the 
BMP4 gene could generate new phenotypes in cichlids.

8 Identify one relevant difference between the action of BMP4 and the action 
of CaM (in ground � nches).

BIOLOGY IN THE WORKPLACE

Susie Moreton — Hospital Library Manager

FIGURE 11.38 Susie Moreton. (Image courtesy of 
Susie Moreton.)

I am the Manager of the Epworth HealthCare Library 
in Victoria. My job is to make sure the doctors, nurses 
and other clinicians have the best and most current 
medical information in order to provide the best care 
to patients. Not only do I have to � nd the information, 
I must deliver it in the most applicable format; some-
times in print, often electronic and increasingly within 
the hospital’s systems. Each day is interesting as I learn 
how technology is advancing health care in every way.

At school I really enjoyed biology, and majored in 
sciences as a teaching undergraduate. I soon quali� ed 
as a librarian and worked at several universities as a 
Reference Librarian, eventually supporting academics 
in senior liaison roles — this means understanding a 
particular discipline well, partnering with lecturers 

and senior students as they research and publish. 
Information literacy is central to this process, and 
I mentored skills in information discovery, access, 
analysis and synthesis. � e great secret of librarian-
ship is everyone values these abilities, so I collaborated 
with experts in education, business, literature, history, 
economics, psychology, � ne arts, health, engineering, 
women’s studies, etc. My favourite area was health 
sciences, and by drawing upon the scienti� c principles 
I learned at school, such as observation, investigation, 
validity, reliability, rigour and independence, I main-
tained credibility with the university sta�  and students. 
It was great to work with really clever people in an 
environment of enquiry.

A few years on I completed my Masters in 
Information Science, and commenced my role at the 
Epworth Library. � e hospital is a very dynamic and 
supportive working environment, where initiative 
and intelligence are applied to help patients. Every 
day I learn more about therapies, conditions, pro-
cedures, interventions, instruments, technologies, 
and so many other aspects of healthcare. All the 
skills I developed in university roles are utilised at 
the hospital, especially as I help clinicians investi-
gate emerging treatments and write up � ndings for 
publication. My daily activities vary from buying a 
speci� c book or journal, seeking the latest clinical 
trial report, teaching a clinician how to interrogate 
a database, to advice on writing for publication. 
Librarians’ skills are highly valued, and the library 
is an active partner in the hospital’s research, edu-
cation and clinical activities. My job is very rewarding 
as I work with very clever and kind people, and every 
day I know I contribute to good patient care.
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Drawing a phylogenetic tree

In this Biochallenge, you will see how a simple 
phylogenetic tree can be built to show the evolutionary 
history of four living species. The data used will be 
the differences in the base sequences of the DNA that 
encodes cytochrome b, a mitochondrial protein, in each 
species (see table 11.11 below). In this exercise, the aim 
is to correctly order the various divergences that led to the 
emergence of the four species.

TABLE 11.11 Differences in DNA sequences that encode 
cytochrome b in four species. Cytochrome b is a protein 
found in the mitochondria of all eukaryotic species.

Species 
A

Species 
B

Species 
C

Species 
D

Species A — 27 37 38

Species B 27 — 13 19

Species C 37 13 —  3

Species D 38 19  3 —

1 To build our phylogenetic tree, work the following 
example:

Step 1:  Identify the one species that shows the most 
differences with all the other species. The 
difference for each species is its column total. 
A quick check shows this to be species A with 
a grand total of 102 differences.

Step 2:  Now identify the species that shares a common 
ancestor with species A. This will be the species 
that has the smallest number of differences with 
species A. This turns out to be species B (with 
27 differences between A and B).

Now we can start our phylogenetic tree by showing 
species A and B with a common ancestor as shown in 
� gure 11.39a.

Step 3:  Now identify the species that shares a common 
ancestor with species B. This will be the species 
with which species B has the smallest number 
of differences. A quick check shows this to be 
species C (with 13 differences).

Now we add species C to our tree (see � gure 11.39b).

Step 4:  This just leaves species D. Note that because it 
has the least number of differences with species 
C, we can assume that species D shares a 
common ancestor with that species.

We can now complete our simple phylogenetic tree 
(see � gure 11.39c).

FIGURE 11.39 (a), (b) and (c): diagrams showing the 
development of a phylogenetic tree. Common ancestors 
are denoted by black dots at the nodes.

(a)

B A

(b)

B C A

(c)

B D C A

Note that the branch lines are not drawn to scale. To draw 
this phylogenetic tree correctly to scale, the total length 
of the V-shaped branch connecting species A and B 
would be 27 units, the total length of the V-shaped branch 
connecting species B and C would be 13 units, and the 
total length of the V-shaped branch connecting species C 
and D would be a tiny 3 units. Instead, we can show these 
differences simply by inserting each value at the relevant 
node.
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Step 5:  Complete the phylogenetic tree by inserting the 
number of differences between each species 
immediately above the node that denotes their 
common ancestor, as shown below:

B D C

3

13

27

A

2 Now, construct a phylogenetic tree to show the 
evolutionary relationships of the �ve different species 
below, using the differences in the DNA sequences that 
encode cytochrome c (see table 11.12 below).

TABLE 11.12 Numbers of differences in the DNA sequences 
encoding cytochrome c.

Horse Donkey Chicken Penguin Snake

Horse 0 1 11 13 21

Donkey 0 10 12 20

Chicken  0  3 18

Penguin  0 17

Snake  0
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Unit 4 Determining relatedness  
between species

Practice questions

AOS 1

Topic 3

a Give an example of another clade that includes at 
least two reptilian groups.

b Which, if any, of the groups shown in this 
cladogram are extinct?

c Identify the following statements as either true 
or false:

 i Birds are more closely related to crocodiles 
than to mammals.

 ii Turtles are a more ancient lineage than 
plesiosaurs.

 iii �e common ancestor of snakes and lizards 
emerged at the same time as the common 
ancestor of the dinosaurs.

d Consider the following statements and assess 
their validity:

 i ‘Birds are �ying dinosaurs.’
 ii Class Reptilia and Class Aves exist as taxa in 

traditional Linnean classi�cation schemes. 
However, these classes do not exist in 
cladistics.

 5 Communicating understanding ➜ Identify a key 
di�erence between the members of the following pairs:
a a rooted and an unrooted phylogenetic tree
b immediate ancestor and remote ancestor
c a cladogram and a phylogenetic tree
d DNA hybridisation and DNA sequencing.

 6 Interpreting data and communicating 
understanding ➜ Go to �gure 11.22 on page 522 
and answer the following questions:
a What is the evolutionary distance between 

species A and B?
b In this example, what are the units of 

evolutionary distance?
c How is evolutionary distance measured in this 

phylogenetic tree?
d Complete the sentence from the choice below:
 Species pair E and F show (a higher/a lower/ the 

same) degree of relatedness compared to species 
pair A and B.

e Explain your choice in (d) above.

Key words
BMP4
branch
branch length
chromosome banding
chromosome painting
cichlids
clades

cladogram
comparative genomics
derived
derived character
DNA–DNA hybridisation
fusion
gene conservation

haplogroups
homologous 
melting temperature (Tm)
molecular clock
node
original or ancestral  

character

phylogenetic tree
root
sister taxa
species �ock
taxa
tips

Questions
 1 Making connections ➜ Draw a concept map for 

‘evolutionary relatedness’ incorporating relevant 
keywords from this chapter. You may add any other 
concepts that you wish.

 2 Developing logical explanations ➜ Suggest possible 
logical explanations for the following observations:
a �e degree of hybridisation is greater between the 

DNA from two bird species than between the DNA 
from a bird and a frog species.

b When the haemoglobin of a species of mammal is 
compared with that of other mammals, some are 
more similar than others.

c �e percentage di�erence in the amino acid 
sequence of one protein from a cat and a dog is far 
less than that between a lizard and either mammal.

d When a ‘paint’ speci�c to the number-7 human 
chromosome is added to chimp chromosomes 
and to gibbon chromosomes, only one chimp 
chromosome is painted but several gibbon 
chromosomes are painted.

e �e diploid number of the great apes is 2n = 48 
but that of humans is 2n = 46.

 3 Interpreting graphical data and communicating 
understanding ➜ Refer back to �gure 11.23 on 
page 523, which shows a phylogenetic tree for the 
groups of animals called vertebrates. Answer the 
following questions based on the information in 
this tree:
a What were the earliest vertebrates to appear?
b Are representatives of this group still extant on 

Earth?
c Cartilaginous �sh include sharks and rays, while 

ray-�nned �sh include the bony �sh. Which 
group appeared earlier?

 4 Interpreting graphical data and communicating 
understanding ➜ Refer back to �gure 11.27 on page 
526, which shows a clade for the groups of animals 
popularly called reptiles. Answer the following 
questions based on the information in this cladogram:
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7 Applying knowledge and understanding ➜ 
Arrange the following in order, from highest to 
lowest melting temperatures, if DNA from the 
following were tested using the technique of 
DNA–DNA hybridisation:
a a golden bandicoot (Isoodon auratus) and a 

southern brown bandicoot (Isoodon obesulus)
b a frog and a golden bandicoot
c a southern brown bandicoot and a kookaburra
d a golden bandicoot and a wallaby.

Explain your decision.
8 Interpreting data and applying understanding ➜ 

Examine the hypothetical evolutionary lineages 
shown in � gure 11.40 below. � e letters denote 
species represented by either organisms living at the 
present or extinct species represented by fossils.

50 40 30 20

M

10 0

Time (Myr)

N
F

C
B

E

P
A

K

FIGURE 11.40 An evolutionary diagram showing 
hypothetical species.

 Examine this � gure and answer the following 
questions:
a Is this diagram a phylogenetic tree or a 

cladogram? Explain.
b Approximately when did species M and N diverge 

from a common ancestor?
c Is it reasonable to conclude that species M 

evolved from species N? Explain.
d Which species is the common ancestor of M and N?
e Identify a remote ancestor of species M and N.
f Did species C evolve from species F? Explain.
g Did species B and species K live during the same 

period?
h What is meant by the term common ancestor?
i A species can be identi� ed as an immediate 

ancestor or a remote ancestor of another species. 

In terms of species K, identify an immediate and 
a remote ancestral species.

j Is species C a remote ancestor of species M? 
Explain.

k Which species is the common ancestor of all the 
other species?

l Which species existed for the shortest period?
 9 Interpreting and re-presenting data ➜ � e data 

shown in table 11.13 below are the percentage 
di� erences between the corresponding protein in 
four di� erent species (A, B, C and D).

TABLE 11.13

Species B C D

A 4% 17% 36%

B 16% 32%

C 35%

a Use the data to draw a hypothetical evolutionary 
relationship similar to that shown in 
� gure 11.39c, to show the evolutionary 
relationship of these four species.

b Assume that the four species are canary, cat, 
mouse and lion. Match these four species to the 
letters (A–D) giving reasons for your decision.

10 Interpreting and re-presenting data ➜ Refer back 
to � gure 11.39c on page 536.
a Would the reversal of the positions of C and 

D change the evolutionary story told by this 
phylogenetic tree? Explain.

b Redraw this tree to accommodate a � fth 
species, E, that shares a common ancestor with 
species C.

c Redraw the tree so that, instead, species E 
shares a common ancestor with species D.

d Which common ancestor appeared earlier 
in geological time: the common ancestor of 
species C and B or the common ancestor of 
species D and C?

11 Demonstrating and communicating 
understanding ➜ Carefully consider the 
cladograms shown in � gure 11.41 below and 
answer the following questions:
a Do these three cladograms tell the same story 

or not about the evolutionary relationships of 
mosses, ferns, pines and roses? Explain your 
choice.

MOSS FERN PINE ROSE MOSS FERN PINEROSE MOSS FERNPINE ROSE

1 2 3

FIGURE 11.41 Cladograms. 1 2 3
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b Redraw one of these trees using horizontal lines 
rather than diagonal lines.

c Is it reasonable to suggest that a feature that was 
used to form these groups was the presence of 
chlorophyll? Explain.

12 Communicating understanding ➜ A great 
diversity of jaw shape may be seen in the many 
di�erent cichlid �shes of the great African Lakes — 
Victoria, Tanganyika and Malawi.
a �e evolution of this species �ock is often termed 

‘explosive’. Suggest why this term is used.

b Would you predict that identical cichlid species 
are present in the three lakes?

c In a given lake, what factors act to minimise 
interspeci�c competition for food?

d Student R stated that the great diversity of 
cichlid jaw shape is the result of mutations in 
one set of genes in cichlids with biting jaws, in 
other genes in cichlids with crushing jaws, and 
in yet other genes in cichlids with scraping jaws. 
Do you agree or disagree with student R? Give a 
reason for your decision.

UNCORRECTED P
AGE P

ROOFS
Do you agree or disagree with student R? Give a 

PROOFS
Do you agree or disagree with student R? Give a 




