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Bioinformatics: a history of evolution
in silico
Vladan Ondrej and Petr Dvorak

Department of Botany, Faculty of Science, Palacky University in Olomouc, Slechtitelii 11, Olomouc,
783 71, Czech Republic

Bioinformatics, biological databases, and the worldwide use of computers have accelerated biological research in
many fields, such as evolutionary biology. Here, we describe a primer of nucleotide sequence management and
the construction of a phylogenetic tree with two examples; the two selected are from completely different
groups of organisms: hominids and cyanobacteria. The hominid group involves genetic information not only of
recent species, but also from fossilised ancestors of modern humans. Nucleotide sequences are used to construct
phylogenetic trees. In the case of the cyanobacteria group, the nucleotide sequences obtained from fossilised
cyanobacteria were searched across databases to find similar sequences and identify recent relatives. This demon-
stration of evolutionary history provides real examples of the bioinformatics approach in biological research;
additionally, it can be utilised as practical exercises in biological studies, suitable for secondary or tertiary-level

classes.
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Introduction

Computers, the internet, and databases have dramati-
cally changed biological research. During the last
decade, theoretical and computational biology have
produced a flood of new biological data, from
genomics to evolutionary biology. Research that
used to start in the laboratory now starts on the
computer, as scientists search databases for informa-
tion that might suggest new hypotheses.

In the last three decades, personal computers have
become accessible not only across all disciplines of
science, but they have also become valuable tools for
science education. The easy access of students to
computers, and recently the free access to biological
databases, opens up new possibilities in the teaching
of genetics, taxonomy, and evolutionary biology.
Bioinformatics, an application of information tech-
nology to the assessment of biological data, allows an
interdisciplinary approach in the teaching of genetics,
taxonomy, and evolutionary biology (Gibas and Jam-
beck 2001).

In the following paragraphs, we demonstrate some
bioinformatics exercises, based on searching for
DNA sequences, processing these sequences, and the
construction of a phylogenetic tree (Box 1). All three
steps not only require basic biological knowledge,
but also some basic computer skills. Sequence
databases contain large volumes of the DNA, RNA,
or protein sequence data of many different kinds of
organisms. There are major sequence data collections
and deposition sites in Europe, Japan, and the USA
(Gibas and Jambeck 2001). These public databases
often offer some free software for searching and ana-
lysing the sequence data, and aid in finding related
scientific publications. For the purpose of these exer-
cises, it is necessary to have selected sequences. Spe-
cific genes or genome regions, such as cytochrome
b, ribosomal genes, or internal transcribed spacers are
used to build phylogenic trees. Here, we propose
two simple and inexpensive examples of practical
bioinformational tasks, focused on the assumptions of
evolution, using sequence-based phylogeny. The
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educational objectives of these two tasks include the

following:

¢ Students will learn to understand basic facts about

the hypotheses of evolution, using DNA sequence
data.

Results: 1 to 20 of 212471 Page1 |of10824 Next>  Lastss

O Rhodobacter sphaeroides WSEN chro | ChromoQ1_whole genome sholgun sequence
30,278 bp linear DNA
on NZ_AFERO1

* Students will learn to think about particular ways

in which the evolution of hominids and cyano-

bacteria might be investigated

within both fossil and recent living organisms.

Box 1. Phylogenetic tree: a theory

The phylogenetic tree shows the genealogical relationships among different
taxa (e.g. species, genera) in a graphical form (Yang 2006). The tree could
possibly be constructed on the basis of morphology, the anatomy of the
organisms, and DNA sequence data (which currently is the most widely used).
The topology of a tree consists of two elementary parts: nodes and branches.
A node is a point where the branches merge together (Figure 7); the length of
the branches represents the evolutionary distance. The tree with a known root
is called a rooted tree, while one without is an unrooted tree. A common way
of root determination is by the defining of the outgroup, which is specified as
a distantly related species to all others assessed in the tree (these are called the
ingroup).

The building of a phylogenetic tree consists of three elementary steps.
(1) Acquisition of sequences from either original data or some database (e.g.
NCBI). (2) Multiple sequence alignment, using software (e.g. ClustalX) or a
manually built matrix. (3) Tree construction in some phylogenetic software.
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+ Students will gain some elementary knowledge of
how researchers assess evolutionary relationships

w

Figure 1.

Results of query for cytochrome b on the nucleotide search page of the GenBank
http://www.ncbi.nlm.nih.gov/. Going through taxonomic groups the number of results are
reduced and sequences of hominids are selected
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Table 1. Summarised information of selected sequences for phylogenetic tree construction
(cytochrome b) and sequence similarity searching across database (16S rRNA). Information
contains accession numbers and species (with isolate origin) or sample names

Cytochrome b 16S tRNA
Accession number Species Accession number Cyanobacteria sample
JF940522 Homo sapiens Sweden FJ809898 MT3-11 clone 1
JF938916 Homo sapiens Portuguese FJ809904 MTK3-H1 clone 2
JF939049 Homo sapiens Armenian
JF906114 Homo sapiens Indian
253947345 Homo sapiens
neanderthalensis
Mezmaiskayal
253947317 Homo sapiens
neanderthalensis
El Sidron
253947289 Homo sapiens
neanderthalensis
Feldhofer1
315466581 Homo sp. altai
Denisova molar
HMO068587 Pan troglodytes
5835135 Pan paniscus
5835149 Gorilla gorilla
5835834 Pongo abelii
Sumatran orangutan
5835163 Pongo pygmaeus
Bornean orangutan
49146236 Macaca mulatta
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sequences within a tree, the more evolutionarily
Figure 2. Example of flat file format of the distant those sequences are.

searching resulit. This format contains not
only a sequence and its translation to
amino acids, but also information about
type of DNA, sample and reference
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Figure 4. The screenshot of the website http://www.ebi.ac.uk/ with online application of
ClustaW2 used for multiple sequence alignment of hominid sequences

Hominid phylogeny: Exercise 1 in
managing sequences and the con-
struction of a phylogenetic tree

The first exercise is based on the construction of a
phylogenetic tree (for a summary, see Box 1) involv-
ing human and near human relatives. The sequences
of the cytochrome b gene were chosen. To find the
sequences, a query for cytochrome b is sent on the
nucleotide search page of GenBank (http://www.
ncbi.nlm.nih.gov/nuccore) (Figure 1, Box 3). The
search may produce thousands of results, but the
selection of the results could be done through a tree
of the taxonomic groups: animals, vertebrates,
mammals, placental, primates, Hominidae. This
approach also leads to a repetition of the systematic
biology of organisms and their taxonomy. The fol-
lowing selection depends on the purpose and experi-
ence of the scientist, and is time consuming. This is
the reason why it is necessary to have prepared
selected sequences before the exercise (Table 1). In
the group Hominidae, the students will find
sequences of cytochrome b from Gorilla, Pongo, both
species of chimpanzees and Homo sapiens. Addition-
ally, recent molecular techniques are able to isolate
DNA from fossils; thus, the sequences of Homo sapi-
ens neanderthalensis is also represented in the database.
The exercise could also be extended by the sequence
of the poorly described archaic hominid group from
Siberia, simply marked as Homo sp. altai (Reich et al.
2010). Students could then compare the genetic rela-
tionship of this group of humans with both Nean-

derthal and modern humans. To construct a
phylogenetic tree, an outgroup must be added. An
outgroup contains sequences of distant relatives, or a
possible ancestor of the studied group. In this case,

the sequences of the macaque were chosen.

Sequences can be downloaded from the databases
in two common formats. The first one, the GenBank
flat file format (Figure 2), that was used in GenBank
earlier in its history, contains information about gene
identity, the conditions under which it was charac-
terised, references, and sequence, together with
translation to amino acid sequences. The second for-
mat, FASTA (Figure 3), is a simple format contain-
ing a single comment line that begins with a >
character, followed by a single-character DNA
sequence, on as many lines as needed to contain the
sequence, without breaks. Of course, some informa-
tion associated with the gene is lost in the FASTA
format, but this format is very useful for following
sequence processing.

The sequences selected and prepared by the tea-
cher are used for multiple sequence alignments. One
commonly used program for progressive multiple
sequence alignment is Clustal X (the stand-alone
version) and Clustal W (the online version, see Fig-
ure 4). They are able to align medium-sized data sets
very quickly, and are easy to use (Larkin et al. 2007).
The sequences in FASTA format that have to be
aligned are simply copied into the given field of the
Clustal W application (Figure 5). The alignments are



Downloaded by [Knihovna Univerzity Palackeho], [Vladan Ondrej] at 05:24 24 September 2012

Box 3. The most important web pages involved in the basic bioinformatical applications

PRACTICAL

http://www.ncbi.nlm.nih.gov/ — NCBI (National Center for Biotechnology and Information).
A generally important web page where DNA and protein sequences as well as whole genome
projects are stored. All information may be freely searched and downloaded. Moreover, there
are a lot of tools for sequence data handling (see more details below).

http://www.ncbi.nlm.nih.gov/nuccore — NCBI nucleotide search. A basic tool for searching
DNA sequence collections. Exercise 1 explains how to perform a search using this tool.

http://www.ebi.ac.uk/Tools/msa/clustalw2/ — Clustal W represents the most popular multiple
sequence alignment algorithm. It is implemented in a variety of online and standalone
programs which are freely available. This online tool also allows users to construct a
phylogenetic tree using UPGMA and NIJ clustering methods. See more detailed description in
Exercise 1#. Standalone version ClustalX2 may be downloaded from http://www.clustal.org/.

BLAST (Basic Local Alignment Search Tool) may be accessed from the following sources:

http://www.ebi.ac.uk/Tools/sss/nc biblast/nucleotide.html and
http://blast.ncbi.nlm.nih.gov/Blast.cgi. This tool was developed for searching nucleotide or
protein databases to find the most similar sequence to your query (Exercise 2).

Other important links:

http://www.ebi.ac.uk/2can/home.html — A free online project focused on basic concepts in
molecular biology and bioinformatics designed in a practical manner. It contains a
comprehensive collection of tutorials, and detailed explanations of some tools mentioned
within this article.

http://www.hiv.lanl.gov/content/sequence/HIV/HIV Tools.html — This web page contains a lot
of useful tools for handling DNA and protein sequences. Format Converter tool should be
mentioned, because it represents a simple way of converting alignment files into different
formats for phylogeny.

http://www.megasoftware.net/ — MEGA 5 is a new release of standalone user friendly
software which allows inexperienced or medium-experienced users to perform all the
necessary steps for phylogenetic analysis. It is able to carry out a database search (NCBI),
multiple sequence alignment, and inference of a phylogenetic tree.

EMBL-EBI

D
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Figure 5. The screenshot http://www.ebi.ac.uk/ of multiple sequence alignment parameters
also involving UPGMA algorithm used for hominid sequences

of sufficient quality that they very often do not

require manual editing or adjustment, except the

ends of used sequences with different lengths. Thus,

these ends have to be cut off to get alignment of the
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Length

Scores Table

View Output File

1 JFRA0522 1_Homo_sapiens-Sweden 141
1 JFSOST2 1_Homo_sapiens-Swoden 1141
1 ] WSOST2 1_Homo_sapens-Sweden 14
1 | 1940522 1_Homo_sapens-Sweden 1141
1 JFS0522 1_Mome_sapiens-Sweden 141
1 SFRD522 1_Homo_sapens-Sweden 1141
1 JFSHOS2D 1_Homo_sapens-Sweden 14
1 JFRO522 1_Homo_sapens-Sweden 141
1 | JFR0522 1_Homo_sagens-Sweden 1141
1 JFA0522 1_Homo_sapiens-Sweden 1141
1 JFI0522 1_Homo_sapeens-Sweden 141
1 PRS2 1_Homo_sapens-Swoden 14
1 JFSR05I2 1_Homo_sapens-Sweden 1141

253947317_Homo_sapiens_neanded/1-1135§
253947289 _Homo_saplens_neandes'1-1135 :
JF939049.1_Homo_sapiens-Ameni/1-1141 |
JF906114.1_Homo_saplensindian/t-1141 A
253947348 _tHomo_sapiens_neander/1-1135}
F938916.1_touo_sapiensForug/1-1141 |
JF940522.1_Howmo_sapiens-Sweden/1-1141 §
315466581_Fowo_sp _Altai-Deniz/t-1141
HMOBSS87.1_Pan_troglodytes/1-1141
5835135 Pan_paniscus/1-1141
5835834_Pongo_abelii-Sumatran_J/1-1141
5835163 Pongo_pygmaeus-Bomean/1-1141)
5835149_Godla_godlla/t-1141
49146236_Macaca_smulatta/1-1141

JFEER1E 1_Homo_apens-Portuguene 1141 o
JFEIB0A9 1_Homo_sapens-Armenisn 1 "o
JFS06114 1_Homo_sapens-indan 14 "o
JLIHTMS_Homo_sapens_reancerthalensa Mermamiays! 1135 | a0
ZSIGATIIT_Homo_sapens_neanderthalensn-f Garon 135 wo

)_Homo_sapens_| eldholer] 1¥% 8o
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SBI5135_Pan_psnacus .un .830
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5835163 _Pongo_pygmacus-Bomean_orangutan 141 a0
AP _Macaca_mulsmy 1" I e
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Figure 6. Online view of scores table showing per cent similarity between aligned
sequences and coloured multiple alignment result displaying changes in sequences -

mutations - between comparing species
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JFI3E1E.1_Homo_sapiens: Porfuguese
JFAI04T 1 _Ho mo_sapiens- A i an
JF306114.1_Homo_sapiens-indian
ZETIATIAS_Homo_saplens_naesederthalensis. Mezme

_Homo_saplens, El 54
_Homo_sapiens s Faich
_Homa_sp._Ata. i e

5835149_Gorilla_gorilla

SE35834_Pongo_sbalii-Sumatren_oranguisn

SEI5163_Pongo_pygmasus-Bornesn_orsngutsn

_Macaca_mulslis

Figure 7. Constructed phylogram originating from selected cytochrome b sequences of

hominids

sequences with the same length. Nonetheless, Clustal
W and Clustal X continue to be widely used (and
increasingly so) on websites. The EBI Clustal site
(Box 3) gets literally millions of multiple alignment
jobs per year (Larkin et al. 2007), and is used here in
the described bioinformatics exercise: http://www.
ebi.ac.uk/Tools/msa/clustalw2/ (Figure 4). For this
purpose, the pairwise and multiple alignment param-
eters were set to default. This program uses two
alignment algorithms for phylogenic tree construc-
tion, based on distance matrix methods: (1) the
unweighted pair group method, using arithmetic
averages (UPGMA); and (2) the neighbour-joining

(NJ) method (Larkin et al. 2007). In the described
exercise, UPGMA was used (Figure 5).

The results of multiple sequence alignments (Fig-
ure 6) demonstrate to students the basis of evolu-
tion, changes in genetic materials, and mutations
(Box 2). Students can see the point mutations and
insertions/deletions within sequences of related spe-
cies, and retrieve information about how far away
or close the studied species are (by comparison of
sequence similarity scores). After that, the students
can view the phylogenetic tree (see Figure 7) and
start a discussion.
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¥ Descriptions
Legend for links to other rescurces: [ UniGene 3 6E0 [ Gene B structure [ Map Viewsr B PubChem BicAssay

Sequences producing significant alignments:

Ei809998.1 Uncultured cyanobactenium isolate MT3-11 clone 1 165 ribosomal RN 29 939 100% 0.0 100%

HO1976841  Geitlennema sp. Sif 165 nbosomal RNA gene, partial sequence 261 e61 100% 0.0 9%

ENT94267.0  Uncultured bacterium partial 165 rRNA gene, clone CpH7-49 61 L3 100% 0.0 7%

EN794264.1 Uncultured bacterium partial 165 rRNA gene, clone CpH7-17 281 LLH 100% 0.0 T

ENT$4263.1  Uncultured bacterium partial 165 rRNA gene, clone CpH7-9 61 861 100% 0.0 T

ENT34262.1  Uncultured bacterium partial 165 rRNA gene, clone CpH7-1 861 861 100% 0.0 7%

7222401  Uncultured bactenum partial 165 rRNA gene, clone Pbly-46 15 BeL 100% 0.0 9T

(7342401  Uncultured bacterium partial 165 rRNA gene, clone Pbly-15 261 861 100% 0.0 %

EN734239.1  Uncultured bacterium partial 165 rRNA gene, clone Pb-1y-7 81 261 100% 0.0 %

GUS12857.1 NTMPOZ 165 RNA gene, parti B4l 61 100% 0.0 7%

EMEFT963.1  Geitlennema sp. UKG106 partial 165 rRNA gene, strain UKG106 a1 L) 100% 0.0 %

GO253663.1  Geitleninema sp. SP19606-11 165 ribosomal RNA gene, partial sequer 3 B61 100% 0.0 9%

E042947.1 Geitlerinema sp. Flol 165 ribosomal RNA gene, partial sequence 881 861 100% 0.0 L

AY272621.1  Geitlerinema sp. CIBNOR 34 165 nbosomal RNA gene, partial sequenc 30 861 100% 0.0 7%

A¥272620.1  Geitlerinema sp. CIBNOR 31A 165 ribosomal RNA gene, partial sequen B61 861 100% 0.0 9%

AY274 Geitlerinema sp. CIBNOR 30A 165 ribosomal RNA gene, partial sequen {13 61 100% 0.0 7%

A¥I72817.1  Geitlerinema sp. CIBNOR 25A 165 nbosomal RNA gene, partial sequen 281 851 100% 0.0 7%

AFL32T Geitlerinema sp. PCC 7105 small subunit ribosomal RNA qene, partial : 61 261 100% 0.0 9%

AF410933.1  Geitlennema sp. CR109510-2 165 ribosomal RNA gene, partial sequer 61 L2 100% 0.0 9%

AROSRI0SL  Geitlerinema sp. MBIC10006 gene for 165 rRNA, partial sequence 3 861 100% 0.0 9%

ENZ22269.0  Uncultured bactenum partial 165 rRNA gene, clone CpH7-84 -] 856 100% 0.0 7%

(7922471  Uncultured bacterium partial 165 rRNA gene, clone Pbly-86 856 es6 100% 0.0 7%

EN794238.1  Uncultured bacterium partial 165 rRNA gene, clone Pb-1y-4 1] 56 100% 0.0 7%

GUIBSESS.1  Phormidium lucidum BDOU 10141 165 ribosomal RNA gene, partial sequ a54 54 100% 0.0 %

ABOIS0I0.1  Geitlennema PCC7105 gene for 165 rRNA, partial sequence 54 854 100% 0.0 7%

EEGITPEL  Uncultured Geitlerinema sp. partial 165 rRNA gene, clone GMMC_165, 250 850 100% 0.0 95%

GO212718.1  Geitlerinema sp. SQP1AD 165 nbosomal RNA gene, partial sequence 850 850 100% 0.0 96%

El210997.1 Geitlennema sp. A280M 165 ribosomal RNA gene, partial sequence a0 850 100% o.0 9%

ua4dl Geitlerinema sp. PCC9452 165 nibosomal RNA gene, partial sequence 250 850 100% 0.0 6%

E1809500.1  Uncultured cyanobacterium isolate MT3-7 clone 1 165 nbosomal RNA 846 848 100% 0.0 5%

EN7$4257.1 Uncultured bacterium partial 165 rRNA gene, clone CpH4-3 843 845 100% 0.0 6%

GUIEEEEEL  Leptolyngbya valderiana BOU 41001 165 rbosomal RNA gene, partial 843 Ba3 100% 0.0 96%

EES29789.1 | d ium clone 3m04AISCO2 165 rib | RNA g¢ Bz 837 9% 0.0 96% v
£ i ¥
Hotovo @ inkernet G- Biowm v

Figure 8. Online view of the BLAST results based on searching for similar sequences in the
database to sequences of isolates of the fossilized cyanobacteria. Maximal identity is

showed by per cent

The tree obtained (Figure 7) reflects recent
knowledge about the evolution of hominids, based
on morphological and genetic analyses. In this
approach, no significant genetic variations in
H. sapiens, represented by samples from three
different nations, were observed. Different molecular
techniques are usually used to describe intraspecific
genetic variability. Students will find that the closest
living relatives to humans are the chimpanzees. The
tree also answers the questions about the archaic
hominid group from Siberia, H. sp. altai. It has been
shown that this group of people have a distinct evo-
lutionary history from both the Neanderthals and
modern humans, and that they are further genetically
from modern humans than from Neanderthals, in an
agreement with the literature (Reich et al. 2010).

Searching relatives to fossilised
cyanobacteria: a local alignment
searching exercise (Exercise 2)

The second exercise is based on searching for similar
sequences. Here, we propose finding recent relatives
of fossilised cyanobacteria from which the DNA was
isolated from gypsum deposited in the late Miocene.
Panieri et al. (2010) successfully extracted and ampli-
fied genetic material belonging to ancient cyanobacte-
ria from gypsum crystals dating back as far as 5.910-
5.816 Ma (when the Mediterranean had become a

giant hypersaline brine pool). This finding represents
the oldest ancient cyanobacterial DNA, to date.

A common application of sequence alignment is
searching the database for sequences that are similar
to a query sequence. The most popular tool for
searching sequence databases is a program called
BLAST (Basic Local Alignment Search Tool).
BLAST is the algorithm at the core of most online
sequence search servers, and can perform hundreds,
even thousands, of sequence comparisons in a matter
of minutes (Gibas and Jambeck 2001).

NCBI BLAST (Box 3), used for the exercise, is
the most recent version at the website: http://www.
ebi.ac.uk/Tools/sss/ncbiblast/nucleotide.html. ~ The
teacher selects the sequences that are going to be
‘BLASTed’. For the purpose of the exercise
described, two sequences of the 16S rRINA gene of
fossilised cyanobacteria were chosen. Students put
the sequences into the website sequence query appli-
cation form, mark ‘searching’ in the nucleotide data-
base (DNA/RNA), and submit the query. The
results are shown in a summary table (Figure 8).
Here, students find 100% identity with the sequence
itself — but what is important is that they also find
similar sequences of recent species with high per-
centages of identity: Geitlerinema sp., 97% identity;
Jaaginema pseudogeminatum, also 97% identity with
sequence No. FJ809898; Chroococcidiopsis sp., 99%
identity with sequence No. FJ809904. By clicking
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on the accession number, it is possible to obtain
complete information about the identified sequences
— the sequence, their origin, and citations in the lit-
erature. For example, Geitlerinema sp. is a hot spring
cyanobacteria, order Oscillatoriales, from Turkey
(Izmir) identified by Zeliha Demirel (not published,
submitted to the database in 2010); Jaaginema pseudog-
eminatum is a marine cyanobacteria, also order Oscill-
atoriales, from India, isolated by Thajuddin N.,
Pandiaraj D. and Mubarak Ali D. (not published,
submitted to the database in 2010). Chroococcidiopsis
sp., order Pleurocapsales, is a hypolithic cyanobacte-
ria occurred in hyperarid deserts (Warren-Rhodes
et al. 2007). These BLAST results correspond with
the findings of Panieri et al. (2010). The environ-
ment of recent relatives of the fossilised cyanobacteria
reflects the environment during the formation of the
evaporation deposits during the Messinian Salinity
Crisis. The recent relatives live in seas and hot
springs with high salinity, and in subsurface locations

in arid areas.

Conclusions

In these two examples, we were not studying the
phylogeny of hominids nor of fossilised cyanobacte-
ria, but they were presented here as motivating
examples for use as bioinformatics exercises. Many
other such exercises could be designed based on
sequence searching and phylogenic tree constructions
focused on various organisms — animals, plants, fungi,
or pathogenic microbes (as an example). We have

shown how easily computers can be used, along with

public databases and bioinformatics programs, in the
teaching of several of the fundamental pillars of biol-
ogy: phylogeny and evolution, genetics, taxonomy,
as well as ecology. A bioinformatics approach in
selected biology lectures has an interdisciplinary char-
acter, developing complex thinking in the students,
and stimulating them toward discussions and the cre-
ation of new hypotheses.
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