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Abstract:

Building evolutionary trees can be an excellent way for students to see how different gene
sequences or organisms are related to one another. Molecular Evolutionary Genetics Analysis
(MEGA) software is a free package that lets anyone build evolutionary trees in a user-friendly
setup. There are several different options to choose from when building trees from molecular
data in MEGA, but the most commonly used are Neighbor-Joining and Maximum — Likelihood,
both of which give good estimates on the relationship between different molecular sequences.
In this article, we describe how to collect data from GenBank, insert it into a text editor, import

that data into MEGA, and create phylogenetic trees from the collected data.

Key Words: MEGA, evolutionary trees, molecular data, Neighbor-Joining, Maximum-likelihood

Phylogenetics is the study of the evolutionary relatedness between different groups of

organisms (Nei and Kumar 2000). These groups can be on small scales (e.g., mammals) or large
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scales (e.g., different domains of life). The results of phylogenetic analyses are usually
presented in the form of evolutionary trees, where different branches represent different gene
sequences or species used to build them. The branching pattern of the tree illustrates how the
sequences or species are related.

Here we present how to build evolutionary trees using the MEGA software package (newest
version 7; www.megasoftware.net). It contains two of the most commonly used methods to
infer evolutionary relationships among species by using their gene sequences. In this paper, we
will introduce students to these two methods: Neighbor-Joining (NJ) and Maximum-Likelihood
(ML) method. According to MEGA authors, it is frequently used in educational setting in
advanced classes (pers. comm. Sudhir Kumar; Ryan et al. 2013). However, many K-12
instructors are not familiar with it, and its potential to introduce the concepts of evolutionary
biology to students in a hands-on, discovery-based pedagogy using the gene sequences. There
are multiple online resources that provide such gene sequences for a multitude of species (e.g.,
GenBank), which is available from National Center for Biotechnology Information (NCBI) (Hall
2013). Both DNA and protein sequences are available, and there are several informative
tutorials provided on the NCBI website on how to use these. There is literally unlimited
sequence data from thousands of genes from animals, plants, protists, bacteria, and viruses
available through GenBank.

Project Goal:

To build an evolutionary tree using the rcbL gene sequence, which is commonly used to study
the evolutionary relationships between plants (see Newmaster et al. 2006). Sequence data

pertaining to the rcbL genes from many plant species are available through GenBank and we
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will gather our data set from this resource. The rcbL gene sequence data will then be imported
into MEGA, aligned, and then used to build a phylogenetic tree.

Helpful Prior Knowledge and Potential Context of this Exercise:

Students should have some introductory level knowledge of the purpose of evolutionary trees
and have some experience interpreting simple phylogenetic trees. This exercise would be ideal
as a final project for evolution units at varying levels, including AP Biology.

Learning Objectives:

By the end of this project, students will:

1. Learn how to obtain molecular data from GenBank

(http://www.ncbi.nlm.nih.gov/genbank/).

2. Learn to build evolutionary trees using freely available software MEGA.
3. Understand the meaning of ancestral vs. recent species, clades, and be able to
interpret evolutionary relationship among species.
As students perform the exercise, they should consider the following questions:
1. Why was the rcblL gene used?
2. Which organelle does the rbcl gene originate from?

3. What function does the protein product of the rcbL gene have in the plant?

System Requirements:
1. Internet access to use the GenBank data base and to download MEGA.
2. Atext editor program, Notepad (Windows PC) or Texteditor (Linux/Mac).

(http://www.megasoftware.net/mega.php)
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67 Figure 1. Google search for GenBank and click on the result for GenBank Home

68 (http://www.ncbi.nlm.nih.gov/genbank/).
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Access to GenBank

There are several ways to search and retrieve data from GenBank.

» Search GenBank for sequence identifiers and annotations with Entrez Nuclectide, which is
divided into three divisions: CoreNucleotide (the main cellection), dbEST (Expressed
Sequence Tags), and dbGSS (Genome Survey Sequences).

» Search and align GenBank sequences to a query sequence using BLAST (Basic Local
Alignment Search Tool). BLAST searches CoreNuclectide, dbEST, and dbGSS
independently; see BLAST info for more information about the numerous BLAST databases.

= Search link_and deumlnad sennencas nraaramatic sl using NCRI aodilitiae

Figure 2. Use the dropdown next to the word GenBank to change from default

Nucleotide and select Gene.
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What is GenBank?

GenBank ® is the NIH genetic sequence database, an annotated collection of all publicly available
DNA sequences (Nucleic Acids Research. 2013 Jan:41(D1):D36-42). GenBank is part of the
International Nucleotide Sequence Database Collaberation , which comprises the DNA DataBank of
Japan (DDBJ), the European Molecular Biclegy Laboratory (EMBL), and GenBank at NCBI. These
three crganizations exchange data on a daily basis

The cemplete release notes fer the current version of GenBank are available cn the NCBI ftp site. A
new release is made every two months. GenBank growth statistics for both the traditional GenBank
divisions and the WGS divisicn are available from each release.

An annctated sample GenBank record for a Saccharomyces cerevisiae gene demonstrates many of
the features of the GenBank flat file format.

Access to GenBank
There are several ways to search and retrieve data from GenBank.

» Search GenBank for sequence identifiers and annctations with Entrez Nuclectide, which is
divided into three divisions: CoreMucleotide (the main cellection), dbEST (Expressed
Sequence Tags), and dbGSS {Genome Survey Sequences)

» Search and align GenBank sequences to a query sequence using BLAST (Basic Local
Alignment Search Tool). BLAST searches CoreNuclectide, dbEST, and dbGSS
independently; see BLAST info for more information about the numercus BLAST databases.
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Figure 3. Type RuBisCO large subunit in the entry box to the right of dropdown and click

Search.
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Figure 5. Click on Genomic regions, transcripts, and products in the table on contents.
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ACTGATGGACTTACCAGTCTTGATCGTTACAAAGGACGATGCTATCACATCGAGCCCGT TCCTGGGGACT
CAGATCAATATATCTGTTATGTAGCTTATCCATTAGACCTATTTGAAGAGGGTTCTGTTACTAACATGTT
TACTTCCATTGTGGGTAACGTATTTGGT TTCAAAGECTTACGCGCTCTACGTTTGGAGGATCTACGAATT
CCCCCTGCTTATTCAAAAACTTTCCAAGGTCCGCCTCACGGTATCCAAGTTGAAAGGGATAAGTTGAACA
CCTTTATTGGGATGTACTAT TAAACCAAAATTGGGAT TATCCGCAAAAAAT TACGGTAG

AGTACGGTCGT
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— e
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File Edit Format View Help

Figure 8. Paste the sequence data into a Notepad(PC) or Texteditor(Mac/Linux)

(To find Notepad on a PC with Windows go to the Start menu, All Programs then click

>g1|11994090: 56874-58304 Zea mays chloroplast, complete genome
ATGTCACCACAAACAGAAACTAAAGCAAGTGTTGGATTTAAAGC TGGTGT TAAGGATTATAAATTGAC
ACTACACCCCGGAGTACGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAGCTC
GGTTCCGCCTGAAGAAGCAGGAGC TGCAGTAGC TGCGGAATC TTCTACTGGTACATGGACAACTGTTT
ACTGATGGACTTACCAGTC TTGATCGTTACAAAGGAC GATGC TATCACATCGAGCCCGTTCC TGGGGA
CAGATCAATATATCTGTTATGTAGCTTATCCATTAGACC TATTTGAAGAGGGTTCTGTTACTAACATG
TACTTCCATTGTGGGTAACGTATTTGGTTTCAAAGCC TTACGCGCTC TACGTTTGGAGGATC TACGAA
CCCCCTGCTTATTCAAAAACTTTCCAAGGTCCGCC TCACGGTATCCAAGTTGAAAGGGATAAGTTGAA
AGTACGGTCGTCCTTTATTGGGATGTAC TATTAAACCAAAATTGGGAT TATCCGCAAAAAATTACGGT,
AGCGTGTTATGAGTGTCTACGCGGTGGAC TTGATTTTACCAAAGATGATGAAAACGTAAAC TCACAAC
TTTATGCGC TGGAGAGACCGTTTCGTCTTTTGTGCCGAAGCAATTTATAAAGCACAAGCCGAAACTGG
AAATCAAGGGGCATTACTTGAATGCGAC TGCAGGTACATGCGAAGAAATGATTAAGAGAGC TGTATTT
AAGGGAATTAGGGGTTCCTATTGTAATGCATGACTACTTAACAGGAGGATTCACCGCAAATACTACTT
TCTCATTATTGCCGCGACAACGGCCTACTTCTTCACATTCACCGAGCAATGCATGCAGTTATTGATAG
AGAAAAATCATGGTATGCATTTCCGTGTATTAGC TAAAGCATTGCGTATGTCGGGGGGAGATCATATC
CTCCGGTACAGTAGTAGGTAAGT TAGAAGGGGAACGCGAAATAACTTTAGGTTTTGTTGATTTATTGC
GATGATTTTATTGAAAAAGATCGTTC TCGCGGTATCTTTTTCACTCAGGAC TGGGTATCCATGCCAGG
TTATACCGGTGGC TTCTGGGGGTATTCATGTTTGGCATATGCCAGCTCTGACCGAAATC TTTGGAGAT
TTCCGTATTACAATTTGGTGGAGGAACTTTAGGACATCC TTGGGGAAATGCACCTGGTGCAGCAGCTA
CGTGTGGCTTTAGAAGCC TGTGTACAAGC TCGTAACGAAGGGC GCGATC TTGC TCGTGAAGGTAATGA.
TTATCAAAGCAGC TTGCAAATGGAGTGC TGAAC TAGCCGCAGC TTGTGAAATATGGAAGGAGATCAAA
TGATGGTTTCAAAGCGATGGATACCATATAA|

Accessories and you should see Notepad.)
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ATGTCACCACAAACAGAAACTAAAGCAAGTGT TGGATT TAAAGCTGGTGT TA Undo
ACTACACCCCGGAGTACGAAACCAAGGATACTGATATCTTGGCAGCATTCCG

GGTTCCGCCTGAAGAAGCAGGAGC TGCAGTAGCTGCGGAATCTTCTACTGGT. Cut
ACTGATGGACTTACCAGTCTTGATCGTTACAAAGGACGATGCTATCACATCG
CAGATCAATATATCTGTTATGTAGCTTATCCATTAGACCTATTTGAAGAGGG Copy
TACTTCCATTGTGGGTAACGTATTTGGTTTCAAAGCCTTACGCGCTCTACGT]
CCCCCTGCTTATTCAAAAACTTTCCAAGGTCCGCCTCACGGTATCCAAGTTG Paste
AGTACGGTCGTCCTTTATTGGGATGTACTATTAAACCAAAATTGGGATTATC T
AGCGTGTTATGAGTGTCTACGCGGTGGACTTGATTTTACCAAAGATGATGAA
TTTATGCGCTGGAGAGACCGTTTCGTCTTTTGTGCCGAAGCAATTTATAAAG

AAATCAAGGGGCATTACTTGAATGC GAC TGCAGGTAC ATGC GAAGAAATGAT] Select All
AAGGGAATTAGGGGTTCCTATTGTAATGCATGACTACTTAACAGGAGGATTC
TCTCATTATTGCCGCGACAACGGCCTACTTCTTCACATTCACCGAGCAATGC Right to left Reading order
AGAAAAATCATGGTATGCATTTCCGTGTATTAGCTAAAGCATTGCGTATGTC )
CTCCGGTACAGTAGTAGGTAAGTTAGAAGGGGAACGCGAAATAACTTTAGGT] Show Unicode control characters
GATGATTTTATTGAAAAAGATCGTTCTCGCGGTATCTTTTTCACTCAGGACT Insert Unicode control character 5

TTATACCGGTGGCTTCTGGGGGTATTCATGTTTGECATATGCCAGCTCTGAC
TTCCGTATTACAATTTGGTGGAGGAAC TTTAGGACATCC TTGGGGAAATGCA
CGTGTGGCTTTAGAAGCCTGTGTACAAGC TCGTAACGAAGGGCGCGATCTTG Open IME
TTATCAAAGCAGCTTGCAAATGGAGTGC TGAACTAGCCGCAGCTTGTGAAAT,

TGATGGTTTCAAAGCGATGGATACCATATAA Reconversion

'l 1 |

Figure 9. After pasting into Notepad, leave the prompt sign > and delete text before the

DNA sequence, then replace deleted text with Corn, the common name for Zea mays.

P

" Untitled - Notepad =NREIN X

File Edit Format View Help

=Corn -
ATGTCACCACAAACAGAAAC TAAAGC AAGTGT TGGATT TAAAGC TGGTGT TAAGGATTATAAAT TGAL
ACTACACCCCGLAGTAC GAAACCAAGGATACTGATATCT TGGCAGCAT TCCGAGTAACTCCTCAGCTC
GGTTCCGCCTGAAGAAGCAGGAGC TGCAGTAGC TGCGGAATCTTCTACTGGTACATGGACAACTGTTT
ACTGATGGACTTACCAGTCTTGATCGT TACAAAGGACGATGC TATCACATCGAGCCCGTTCCTGGGGA:
CAGATCAATATATCTGTTATGTAGC TTATCCATTAGACCTATTTGAAGAGGGTTCTGTTACTAACATG
TACTTCCATTGTGGGTAACGTATT TGGT T TCAAAGCCTTACGCGLTCTACGT T TGGAGGATC TACGAA
CCCCCTGCTTATTCAAAAACTT TCCAAGGTCCGCCTCACGGTATCCAAGT TGAAAGGGATAAGT TGAA
AGTACGGTCGTCCTTTATTGGGATGTACTATTAAACCAAAATTGGGAT TATCCGCAAAAAATTACGGT.
AGCGTGTTATGAGTGTC TACGCGGTGGACTTGATT T TACCAAAGATGATGAAAAC GTAAACTCACAAL
TTTATGCGCTGGAGAGACCGTTTCGTCTT T TGTGCCGAAGCAATT TATAAAGCACAAGCCGAAACTGG
AAATCAAGGGGCATTACTTGAATGC GACTGCAGGTACATGC GAAGAAATGATTAAGAGAGCTGTATTT
AAGGGAAT TAGGGGTTCCTATTGTAATGCATGACTACT TAACAGGAGGATTCACCGCAAATACTACTT
TCTCATTATTGLCGCGACAACGGCCTACTTCT TCACATTCACCGAGCAATGCATGCAGTTATTGATAG,
AGAAAAATCATGGTATGCATTTCCGTGTATTAGC TAAAGCATTGCGTATGTCGGGGGGAGATCATATC
CTCCGGTACAGTAGTAGGTAAGT TAGAAGGGGAAC GLGAAATAACTTTAGGTTTTGTTGATTTATTGC
GATGATT T TAT TGAAAAAGATCGT TCTCGLGGTATCTT T T TCACTCAGGACTGGGTATCCATGLCAGG
TTATACCGGTGGLTTCTGGGGGTATTCATGTT TGGCATATGCCAGCTC TGACCGAAATCTT TGGAGAT
TTCCGTATTACAATTTGGTGGAGGAAC TT TAGGACATCCTTGGGGAAATGCACCTGGTGCAGCAGCTA
COTGTGECTTTAGAAGCCTGTGTACAAGI TCGTAACGAAGGGLCGLGATCTTGETCGTGAAGGTAATGA
TTATCAAAGCAGCTTGCAAATGGAGTGCTGAACTAGCCGCAGCTTGTGAAATATGGAAGGAGATCAAN
TGATGGTT TCAAAGCGATGGATACCATATAA

Figure 10. Notepad should appear as shown above.
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Figure 11. Save this file as corn.fasta and in the drop down choose All files (*.*).

We now have the rbcL gene sequence for one species. We need to collect sequences for nine
other species for comparison in MEGA (See Table 1). In addition, we will use Euglena viridis as
our outgroup. Repeat the procedure with each species listed below by typing the GenBank
Gene ID into the search box shown as shown in Figure 3. Make sure to select Gene to the right
of the search box when searching by the Gene ID number.

Table 1. List of plants from which the rcbL gene that can be used to create the phylogenetic

tree, their GenBank ID numbers (Accession Numbers), and the suggested file names.

Common name GenBank ID File name

Corn 845212 corn.fasta

10



Thale cress 844754 thalecress.fasta
Rice 4126887 rice.fasta
Tobacco 800513 tobacco.fasta
Potato 4099985 potato.fasta
Liverwort 2702554 liverwort.fasta
Sunflower 4055709 sunflower.fasta
Grape 4025045 grape.fasta
Cucumber 3429289 cucumber.fasta
Spinach 2715621 spinach.fasta

104
105  Obtaining the Outgroup:
106  Euglena viridis will be used as the outgroup in our evolutionary tree. We will use the NCBI

107 GenBank to locate the sequence for Euglena viridis.

11
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Japan (DDBJ). the Europegryrrrrrrrry (EMBL), and GenBank at NCBI. These Update GenBank Records
three organizaticns exchal OMIM
The complete release notel  PMC Bank are available on the NCBI ftp site. A
new release is made every] PopSet statistics for both the traditional GenBank
divisions and the WGS div|]  Probe lease.
An annotated sample Genl Protein &5 cerevisiae gene demonstrates many of
the features of the GenBar Protein Clusters
PubChem BioAssay
Access to GenBank PubChem Compound
There are several ways to search and retrieve data from GenBank
» Search GenBank for sequence identifiers and annotations with Entrez Nucleotide, which is
divided into three divisicns: CoreNucleotide (the main collection), dbEST (Expressed
Sequence Tags), and dbGSS (Genome Survey Sequences).
« Search and align GenBank sequences to a query sequence using BLAST (Basic Local
Alignment Search Tool). BLAST searches CoreMucleotide, dbEST, and dbGSS
independently; see BLAST infe for more information about the numerous BLAST databases.
108 « Soarch link_and dmwnlnad camisneoe_nrmaramstie slh einn MCRI o ilitioe -
109 Figure 12. Starting from GenBank Home we will select the Nucleotide search filter

110 option to the left of the search box.

111

[&] (= E -

/ & GenBank Home X Y 22 Euglena viridis ribulose 1 %

€« = C [ www.ncbinlm.nih.gov/genbank/ e =

2 NCBI  Resources

Sign in fo NCBI ’:

GenBank Nucleotide M ‘%
GenBank = | Submit v | Genomes v | WGS w HIGs » EST/GSS v  Metagenomes v TPA =  TSA

INSDC ~

GenBank Overview GenBank Resources
GenBank Home

Submission Types
Submission Tools —

What is GenBank?

GenBank € is the NIH genetic sequence database, an annotated collection of all publicly available
DNA sequences (Nucleic Acids Research 2013 Jan:41(D1yD36-42). GenBank is part of the
International Nucleotide Sequence Database Collaboration . which comprises the DNA DataBank of ~ Search GenBank

Japan (DDBJ). the European Molecular Biclogy Laboratory (EMBL), and GenBank at NCBI. These Update GenBank Records
three organizations exchange data on a daily basis.

The complete release notes for the current version of GenBank are available on the NCBI ftp site. A
new release is made every two menths. GenBank growth stafistics for both the traditional GenBank
divisions and the WGS division are available from each release

An annotated sample GenBank record for a Saccharomyces cerevisiae gene demenstrates many of
the features of the GenBank flat file format.

Access to GenBank

There are several ways to search and retrieve data from GenBank

» Search GenBank for sequence identifiers and annotations with Entrez Nuclectide, which is
divided into three divisions: CoreMuclectide (the main collection), dbEST (Expressed
Sequence Tags), and dbGSS (Genome Survey Sequences)

= Search and align GenBank sequences to a query sequence using BLAST (Basic Local
Alignment Search Tool). BLAST searches CoreNucleotide, dbEST, and dbGSS
independently; see BLAST info for more information about the numerous BLAST databases.

1 12 « Soarrh link_and download sanuancas nmaramatie alhe using NCRI oy filitias

113 Figure 13. Type U21010.1 into the search box and click search.
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/ E Euglena viridis ribulose 1,2 X

€ - C | [ www.ncbinlm.nih.gov/nuccore/U21010.1

Nucleotide Nuckotge v/ [ 55

Advanced

GenBank + Send: .
Change region sh

Euglena viridis ribulose 1,5-bisphosphate carboxylase/oxygenase
large subunit (rbcL) mRNA, chloroplast gene encoding chloroplast
protein, partial cds —

GenBank: U21010.1 Analyze this seque
Run BLAST

F%TA Graphics
Pick Primers

Highlight Sequence Fu

Customize view

Locus EVU21018 1318 bp  WRNA  linear PLN 12-MAR-1996 Find in this Sequence
DEFINITION Euglena viridis ribulase 1,5-bisphosphate carboxylase/oxygenass
large subunit (rbcl) mRNA, chloroplast gene encoding chloroplast
protein, partial cds. . .
ACCESSION  U2181@ Relateﬂ.lnfnrmalln
VERSION uUz1e1l@.1 GI:69953& Full text in PMC
KEYWORDS . Protein
SOURCE chloroplast Euglena viridis
ORGANISM Euglena viridis PubMed
Eukaryota; Euglenozoa; Euglenida; Euglenales; Euglenaceae; Euglena. Taxcnomy

REFERENCE 1 (bases 1 to 131@)
AUTHORS  Thempson,M.D., Copertine,D.W., Thompsen,E., Favreau,M.R. and

Hallick,R.B. ——
TITLE Evidence for the late origin of introns in chloroplast genes from Recent activity
an evolutionary analvsis of the genus Euglena A
114 www.nebi.nlm.nih.gov/nuccore/6995367report=fasta | | 3

115 Figure 14. Click FASTA

=N pi=nEE! u
/' 22 Euglena viridis nbulose 1,7 X |

€« - C  [1 www.ncbinlm.nih.gov/nuccore/6995367report=fasta e =

Change region sh

FASTA~ Send: ~

Euglena viridis ribulose 1,5-bisphosphate carboxylase/oxygenase
large subunit (rbcL) mRNA, chloroplast gene encoding chloroplast
protein, partial cds

GenBank: U21010.1

GenBank  Graphics
>gi| 699536 gb |Uz1010.1 | EVUZ1818 Euglena viridis ribulose 1,5- blsphnsphate

Customize view

Analyze this seque
Run BLAST

Pick Primers

Highlight Sequence Fi
Find in this Sequence;

informatio
PMC

Search Google for " 1699536|gb|UZ1010.1[EVU21010 Euglena viridis..."

Print... Cirl+P

Ctrl+Shift«] [

Inspa:t

Recent activity

E Euglena viridis rit
bisphosphate

Q, U21010.1 AND (a

O 8AATRATA AND T
3

116 = ‘

117 Figure 15. Copy the sequence and pate into a new Notepad file. Repeat steps in figures
118 10 and 11. Save the file as euglenaviridis.fasta.
119 Building the Evolutionary Trees:
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120 The first step in the process of building evolutionary trees with this molecular data is to

121 download MEGA and install it on the computers that are going to be used for the
122 project. This tutorial features the latest stable version of MEGA at the time of print
123 (http://www.megasoftware.net/mega.php).
124 Instructions for using MEGA:
125 1. Open MEGA.
126 2. Click on Align then selected Edit/Build Alignment
’,m MEGA 6.06(6140226) = e |
File Analysis Help
= ) ® v w0z & ® & ® B _ O T
Align Data Models Distance Diversity Phylogeny  User Tree  Ancestors  Selection Rates Clocks Diagnose
= Edit/Build Alignment
Ifﬁﬁ EdiW\ewSequencerFiles('l'race]..[%
Mﬁ Open Saved Alignment Session...
@ Show Web Browser
£ Query Databanks
— Do BLAST Search
@ e =] 2l = (< ® . £ . &
First Time User? Tutorial Examples Citation Report a Bug Updates? MEGA Links Toolbar Preferences
1 2 7 MEGA releaze #6140226
128 Figure 16. Click Edit/Build Alignment
129 3. Create a new alignment. A secondary menu will appear that requires you to select an
130 option. Choose Create a new alignment option and click OK.
W% MEGA 6.06(6140226) = 8B X
File Analysic  Help
= % 2 s E % % & ®m _E_O T
Align Data Maodels Distance Diversity Phylogeny  User Tree  Ancestors  Selection Rates Clocks Diagnase
E ’:M MS:AIignmen...{‘:' =l &
T Select an Option
x (@ Create a new alignment
() Open a saved alignment session
(") Retrieve sequences from a file
N
= = <3 ® . £ . &
les Citation Report 2 Bug Updates? MEGA Links Toolbar Preferences
13 1 MEGA release #E140226
132 Figure 17. Select Create a New Alignment and click OK
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133 4. A second submenu will appear asking you to select the type of sequence data that will

134 be used to build the alignment. Select the DNA option (Figure 18). This will open the
135 MEGA Alignment Explorer in a new window (Figure 19).
W% MEGA 6.06(6140226) = 8B X
File Analysis Help
= . % _» w» E & % & _ ®_EB_O_ T
Align Data Models Distance  Diversty  Phylogeny UserTree  Ancestors  Selection Rafes Clocks  Disgnese
:: |IM Datatype for alignment o] |
: \‘.:j Are you building a DMA or Protein sequence alignment?
| | Protein Cancel
l = & ® . £ . &
fes Report = Bug Updstes?  MEGA Links Toolbar Preferences
1 3 6 MEGA release #6140226
137 Figure 18. Click DNA
’M MEGA 6.06(6140226) = B 2
File Analysis Help
E_'{‘:‘_&'PJ&._E_'E%v't_w%vi’:\'vﬂ_ﬁv@‘?’v
= % M6: Aignment Expiorer TR —— T — — o[ [ |
E Data Edit Search Alignment Web Sequencer Display Help
— D & | = & i | : | B |

DNASequences ‘ Translated Protein Sequences|

MEGA releaze #i)

138 0 D@ wih  © wlo Gans
139 Figure 19. Alignment Explorer opens

140 5. At the top of the MEGA Alignment Explorer Window select the Edit menu by clicking on
141 it. From this menu, select the Insert Sequence From File option (Figure 20). This will
142 open a new window.

15



M M6: Alignment Explorer &E‘g
Data Search  Alignment Web  Sequencer Display Help
S| v | Undo ez (MR [ B X X[ mE| 0 [
DhA Copy Ctrl+C g|
4 Cut Cirl+X
2 Paste Ctrl+V
7 Delete
3¢  Delete Gaps Ctrl+Del
Insert Blank Sequence  Ctrl+N
#2 Insert Sequence From File Ctrl+] %
B Select Site(s)
H#H  Select Sequence(s)
Bl Select All Ctrl+A
v | Allow Base Editing
Mofify All Bases to Uppercase
143 % @ with wio Gaps

144

145

Figure 20. Click Insert Sequence from File

6. In the window of the Open, select the .fasta data files saved earlier

‘ #% MB: Alignment Explorer (=@ = |
I - - -
e ceiiedl i u
##% Open
PSR Y I R N B - NI
0@; | < 151109 DNA Barcoding + 151110_Seq o
—— e
Organize v New folder =~ 0 @
& Favorites MName Date modified Type
B Desktop No items match your search.
& Downloads
. Finished ABI (".abi;".abl)
. B Staden (*.scfy)
‘%l Recent Places |E Text ("ot ".5eq)
= SpiderOak Hive E
Saved P Supported ence fi fa * fta;
& saved Fages FASTA (*.fas;* fst:*.fta;* fsa;* fasta:*.fsta)
.. Ebooks PAUP/MacClade (*.nexus;™ nex)
11 Non-HIPPA Proji MEGA (".meg;".mdsx;".mega)
Aln Session (".mas)
= Libraries aln )
[ Documents ~-phylip;”.phylip2
"9eq
J\ Music *.pir
[E] Pictures “.nbrf;.nbr
*.msf
E Videos ~ [ o :Lg
File name: ¥ |ABI(".3bi7.abl) -
l Open I [ Cancel ]

147
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Figure 21. Select Supported sequence files



"M M: Alignment Explorer = B ®
- [ - — — P — N
PRSI S - N YTy
UQV\ <« 151109 DNA Barcoding » 151110_Seq [ 42 ||| Search 151210 5 o]
Organize v New folder =+ 0 @
S Favorites ol MName ’ Date modified Type
Pl Desktop ﬁ_j corn.fasta 11/10/20159:39 PM  FASTA File
& Downloads ﬁ_j cucumber.fasta 11/13/2015 3:50 PM  FASTAFile
Finished ﬁ.j euglenaviridis.fasta 11/13/2015 3:57 PM  FASTA File
% RecentPlaces || | grapefasta 11/13/2015 3:43 PM  FASTAFile
= SpiderOak Hive ﬁ.j Iverwort.fasta 11/13/20153:47 PM  FASTA File
. Saved Pages Eﬂlj potato.fasta 11/13/2015 3:46 PM  FASTA File
. Ebooks E.j rice.fasta 11/13/2015 3:44 PM  FASTA File
. Mon-HIPPA Praoji— E_j spinach.fasta 11/13/2015 3:51 PM  FASTAFile
ﬁ_j sunflower fasta 11/13/2015 3:48 PM  FASTA File
= Libraries ﬁ_j thalecress.fasta 11/13/20153:43 PM  FASTAFile
% Documents | B tobacco.fasta 11/13/20153:45PM  FASTAFile
J’ Music
[=| Pictures
E Videos | o | .
File name: "tobacco.fasta” "corn.fasta" "cucumt = [Supported sequence files [*fas; v]
[ Open [ Cancel ]
148 %J
149 Figure 22. Select the .fasta files and click Open
150 7. Once you have selected all of the files that you wish to upload, select the Open button
151 by clicking on it.
152 8. Once the sequences are loaded into MEGA, we want to align them. This is done by going
153 to the Alignment menu at the top of the Alignment Explorer window. Click to open the
154 dropdown menu and select Align by ClustalW by clicking on it (Figure 23).
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4 MB0: Alignment Explorer lilﬂlﬁj

Data Edit Search | Alignment | Web  Sequencer Display Help
O o= H‘L”E\W Align by ClustalW 2] % ® [ & o« » i & &b &%

DMASequences TI.W Align by ClustalW (Codont)

Species/I Group N| (‘_\-j} BEEETNIECE

1. Corn & Align by Muscle (Codons) N e o NN e i e s o e el o e
2. Cucumb U MargUnmarkSite  Cirie [FACTAREGCARGTETTEGATTCARAGCTEETETTARRGATTATAR
3. Euglen - 17| el G e o o 5 e e Bl sl

Align Marked Sites

4. Grape (el oo Nl o NN i e o el o oo\l ol ot e o el o N A NN o
5. Liverw iz A i crcTarRGcrcETeTTcsr et s e T a s R TTalr g
£. Potato ¥ Delete Gap-Only Sites crcTarRe R Te e T rctR T eE T T a ke R Al
7. Rice || Auto-Fill Gaps I/ e/l cllc o 2l &l alzle T e i 2l
8. Spimag 0 L o/ o o s e o o e e s
9. Sunfla 2 ) P e e el P e
10. Thale Tl el s o e il P e s e
11. Tobac aleiT/ciciclalczlplnlc ezl T plic lalsiTe Tieie Rl ic alzlalsic | sis T alz R e Tzl
< [ 3
Site # 1434 & ®with < wio Gaps

155

156 Figure 23. Align By ClustalW

157 9. This will open another window that is filled with ClustalW parameters. For our purposes,
158 the default settings are adequate. Select the OK option at the bottom of this menu to
159 proceed (Figure 24). This will set in motion the alignment algorithm. Aligning the

160 sequences may take several minutes depending on the size and number of the

161 sequences being examined.
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p /M Me: ClustalW Parameters = B =
#& M6: Alignment Explorer DINA = | & P
Data Edit Search Alignment Pairwise Aligrment
D Y= & i Gap Opening Penalty 15 Bl an Cdh 00 4y 8
DNASequences | Translated Prote Gap Extension Penalty 6.66
Species/I Group Name i Multiple Alignment
1. Corn alTls Gap Opening Penalty 15 a/6/c/e/sm/er/makssRT Tjarny
2. Cucumbh AT Gap Extension Penalty 6.66 RAGCIGEIGTTARRAGATTATREY
3. Euglen LCT IGARACTGLCATTITIAGCAGCT
4. Grape ATG| | DNA Weight Matrix IUB - RAGCCGGIGTTARAGATTACAN
5. Liverw AT Transition Weight 0.5 RAGCIGGIGT T ARAGA I
6. Potato ATG d ' RAGCTGGEIGTITARAGAGT ACAZ
7. Rice AT CTIARRGCRAGTGTITGERTTTRY
8. Spinac ATG RRGCIGGIGTITRRRAGATTACRY
9. Sunflag ATG RAGCTGGETGT TR i
10. Thale AT RAGCTIGGEIGTTARRGA put A
11. Tobac ATG RAGCIGGIGTTRRARAGAGTACAY
Use Megative Matrix OFF -
Delay Divergent Cutoff (%) 30
[ keep Predefined Gaps
| Spedify Guide Tree :] r
Site # 1434 & ® with [ ] [ = [ ]
? Help Ok x Cancel
162 L ﬁ
163 Figure 24. ClustalW Parameters Dialog. Leave all set to their defaults.
164 10. Now that the sequences are aligned (Figure 10), we may need to trim the ends of the
165 sequences so that they line up nicely and do not contain too much excessive data. To do
166 this, look for an asterisk (*) in the line above the first sequence in the Alignment
167 Explorer window. At the first asterisk from the beginning of the sequences, use Click and
168 Drag to select the nucleotides from there to the beginning of the sequences to be

169 removed. (Figure 25).
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( A% M6: Alignment Explorer Elﬂlg
Data Edit Search Alignment Web Sequencer Display Help
DB EY| S| WY 0L o g0 X% BE| o @i
DNASequences | Translated Protein Sequences |
Species/I Group Name
1. Coen BB rrecTeETErTARGER
2. Cucume | | PlsaEiaae e = |
3. Euglen
4. Grape [ | | e A=
5. Liverw CP,AAGC'IG'IGTTAAAGP,
6. Potato CP,AAGC'IG'IGTTAAAGP,
7. Rice AR E e
8. Spinac malaRGCTcfTermaRRGR
9. Sunfle [N E = |
10. Thale [ E AN E
11. Tobac !gCAAAGCTGTGTTAAAGA
< [l v
Stez 78 & @®with © wioGaos
170
171 Figure 25. Remove the Excess Nucleotides
172 11. This process will need to be repeated for the tail ends of the sequences. Here find the
173 last asterisk from the end, then Click and Drag to highlight the nucleotides to the end of
174 the sequences.
175 12. Now the sequences are aligned and trimmed (Figure 26).

% M6: Alignment Explorer EIEIQ

Data Edit Search Alignment Web Sequencer Display Help
DER% S| WY oL oBieXx[mE a0 g8

DNASequences | Translated Protein Sequences |

Species/E Group Name 4% ] (h] wk] wla] k] k] k] k] | wd [k R Rk kR kR %
Corn

Cucumb
. Euglen
. Grape
. Liverw
. Potatao
- Rice

. Spinac
. Sunfla
10. Thale
11. Tobac

RIS

<[ b

Site # 1301 = ®with T wioGaps

176

177 Figure 26. Sequences are aligned and trimmed
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178 13. Now, we need to save the Alignment Session so that the data is saved in a format that
179 MEGA can use to build the phylogenetic trees. Save the Alignment Session by selecting
180 the Data menu at the top right of the Alignment Explorer window. Click on the Save
181 Alignment option. (Figure 27). After this has been completed and the session saved,

182 close the Alignment Explorer window.

4 MB: Alignment Explorer E@g

Edit Search Alignment Web Sequencer Display Help
[ Create New |W¢-‘;‘}|J+L ﬂ%éXK|@|<"* Mﬁ&”‘|

-
& Open ' inSequences|
Reopen

Close
Phylogenetic Analysis

Save Session % Ctrl+5

B I

Export Alignment L4

L]

DNA Sequences

Protein Sequences

Translate/Untranslate
Select Genetic Code Table

c
rs
NG

&l

e
L]

Reverse Complement
Reverse

Complement

Exit AlnExplorer +

Site # 1301 % @ with ' wlo Gaps

183

184 Figure 27. Save Session

185 14. Now, we need to open the saved alignment session by selecting the File menu in the

186 general MEGA window and clicking on the Open a File/Session option (Figure 28).

M MEGA 6.06(6140226) [E=ES
Analysis  Help

& Open AFile/Session .. Cirl+0 m & w8 =n fi3 o] T

£ Diversty  Phylogeny UserTree  Ancestors  Selection Rafes Clocks  Disgnese

Open a Recently Used File

Edit a Text File

[

Convert File Format to MEGA...

e

Printer Setup...

[

Exit MEGA Alt+X

® & 9= 4 9= e & . & | &

First Time Ussr? Tutorisl Examples Citation Report = Bug Updates? MEGA Links Toolbar Preferences
187 MEGA release #6140226

188 Figure 28. Open A File-Session
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189

190

191

192

193

194

195

196

197

198

15. Select the saved alignment file (it will be a .MAS file) in the Open a File window and

select Open by clicki

ng on it (Figure 29).

Sy

ry

O @

Type 52
FASTA File
FASTA File | o

FASTAFile [[lom ™
FASTA File
FASTA File
FASTA File
FASTA File
MAS File
FASTA File
FASTA File
FASTA File
FASTA File

M Open a File
U'\/’ [1. « 151100 DNA Barceding » 151110 Seq = [ 44| [ Search 151110 52q
Organize ~ MNew folder == -
| - i MName Date modified
W MEGA 6/ [ Favorites

File  Analy Bl Desktop ﬁj corn fasta 11/10/2015 9:39 PM
= . & Downloads Ej cucumber.fasta 11/13/2015 3:50 PM
AEH - . Finished ﬁj euglenaviridis.fasta 11/13/2015 3:57 PM
| RecentPlaces  |=| B grape fasta 11/13/2015 3:49 PM
= SpiderOak Hive Eﬂ liverwort.fasta 11/13/2015 3:47 PM
. Saved Pages Eﬂ potato.fasta 11/13/2015 3:46 PM
. Ebooks ] ricefasta 11/13/2015 3:44 PM
| Non-HIPPA Projt— | 4] Saved MEGA Alignment.mas 11/13/2015 5:20 PM
ﬁj spinach fasta 11/13/2015 3:51 PM
4 Libraries Ej sunflower.fasta 11/13/2015 3:48 PM
@ 3 Documnents Ej thalecress.fasta 11/13/2015 3:43 PM

o i 2] A3/, .45 Ph
Eiret Tirme Ll J MUSI( j tobacco.fasta 11/13/2015 2:45 PM

MEGA relead| =] Pictures
— E Videos - ™
File name: Saved MEGA Alignment.mas
Open D; l Cancel

Figure 29. Click Open

16. This will bring up a second window where you have the choice to open the .MAS to

analyze it or align it. Select Analyze by clicking on it (Figure 30).

= = 2
@ T
Clocks  Dizgnese
Preferences

i MEGA 6.06(6140226)

File Analysis Help

= . % _ ¥  w» _ @D _® B % w _ E

Align Datz Madels Distance Diversity Phylogeny  UserTree  Ancestors  Selection Rates

4% Analyze or Align File? [——|
\‘.‘P/ How would you like to open this MAS file?
@ e =) & = <] ® . £

First Time User?  Tutorial Examples Citafion Report a Bug Updates?  MEGA Links Toolbar
MEGA release #6140226

Figure 30. Click Analyze

17. To construct a phylogenetic tree, select the Phylogeny menu mid-way through the

second menu bar at the top of the MEGA window. Here we will continue our example
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199 with a Neighbor-Joining tree, but the process is the same for other types of phylogenetic
200 trees. Select Construct/Test Neighbor-Joining Tree (Figure 31).
’M MEGA 6.06(6140226) —aEhES |
File Analysis Help
E . B 8 w = [® 1% & _ = B O T
Align Data Models Distance Diversity Phylegen User Tree Ancestors  Selection Rates Clocks Diagnose
TA = Inl. Construct/Test Maximum Likelihood Tree...
%‘1?:; %3 Construct/Test Neighber-Joining Tree...
%% Construct/Test Minimum-Evelution Tree...
& Construct/Test UPGMA Tree...
=4 Construct/Test Maximum Parsimony Tree(s)
E!i.: Open Tree Session
) e = B = ] ® . & . & |
First Time User? Tutorial Examples Citation Report 2 Bug Updates? MEGA Links Toolbar Preferences
201 MEGA release #6140226 Saved MEGA Alignment.mas
202 Figure 31. Construct-Test Neighbor-Joining Tree
203 18. A menu will appear that asks if you want to use the currently active data sheet, select
204 Yes (Figure 32).
’M MEGA 6.06(6140228) = = 22
File Analysis Help
=S % ¥  w  B _® B _8 ® _ B _©_ T
Li =2 ’Use the active file? - : &J oo EEAE
&
. Data 'O‘ Would you like to use the currently active data (Saved MEGA Alignment.mas)?
[ Remember to reuse currently active data.
e
) e & = = ] ® . & . & |
First Time User? Tutorial Examples Citation Report 2 Bug Updates? MEGA Links Toolbar Preferences
205 MEGA release #6140226 Saved MEGA Alignment.mas
206 Figure 32. Click Yes
207 19. This will open a dialogue box called Analysis Preferences. For the Statistical Method
208 select Neighbor-Joining and for the Test of Phylogeny select Bootstrap Method. In the
209 field entitled No. of Bootstrap Replications, select 1000 to obtain stable estimates of
210 reliability of the tree. For the Substitution Type start by selecting Nucleotide followed by
211 selecting the Jukes-Cantor Model. Here all other fields are left at their default values. To
212 generate the tree, click on Compute (Figure 33).
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references

|H MEGA Alignment.mas
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213 \ [ campute

214 Figure 33. Click Compute.

215 20. After a few minutes, a tree will be generated. The length of time that this takes will

216 depend in part on the length and number of sequences that are being used to create the
217 tree (Figure 34).

218 21. The numbers on the branches of the tree represents the Bootstrap value, which is the
219 statistical support that each branch receives by the Bootstrap analysis. Higher numbers
220 mean that the branch has higher support and is most likely to be a real branch (Figure
221 34).
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223 Figure 34. Generated Tree
224 22. To simplify the tree, we now want to condense or cut out the branches that have less
225 support and are less likely to be true branches. To do this, go to the Compute menu on
226 the TreeExplorer menu and select Condensed Tree (Figure 35).
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227 SBL=0.71138161
228 Figure 35. Select Condensed Tree
229 23. This opens a new menu, Tree Options. Select the Cutoff submenu and input 50 for the
230 Cut-off Value for Condensed Tree, then click OK (Figure 36). Leave all other values at
231 their defaults.
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233 Figure 36. Click OK.

234 24. Now, the tree in the TreeExplorer will reflect the changes. All branches that have less

235 than 50% support will have been removed. (See Figure 37)
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237 Figure 37. Condensed Tree
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238 25. The last thing that we need to do is to set our out group. In our example here it is

239 Euglena viridis. To do this, right click on the branch that has Euglena viridis. This brings
240 up a submenu. In this submenu, select the Place Root option. This provides us with a
241 rooted phylogenetic tree. (See Figure 38)
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243 Figure 38. Place Root
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Figure 39. Euglena viridis as the Root

The tree can be saved as a PDF or printed out. To save the tree as a PDF, go to the Image menu
and select Export as PDF. A window will pop up and you can save the file there. To Print the

tree, there is a Printer Icon that you can use just below the upper menu.

Assessment Questions

In order to ensure that students understand the output of this exercise, questions along the
following lines may be asked: Which species are most closely related? Give an example of sister
taxa. Why do you think that corn and rice are so closely related? How many base pairs were
included in your analysis? How do you think the length of the gene sequence used affects the
validity/reliability of your results? Why does the liverwort group with the outgroup? These
qguestions, or similar, will let the instructor assess not only if the student has understood the

process that they have gone through to create the phylogenetic tree, but in conjunction with
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the questions that the students should consider as they build the tree, the student’s

understanding of the process.

Additional Background Information:

The NJ and ML methods for building evolutionary trees rely on different statistical principles
(Nei and Kumar 2000; Tamura et al. 2011). In NJ, the least squares method is used along with
pairwise evolutionary distances (Nei and Kumar 2000). In ML, the maximum likelihood is
optimized such that the inferred tree is the most likely tree (Nei and Kumar 2000). Generally,
they will produce very similar results, but NJ is much faster. Despite slight differences in the
branching patterns between NJ and ML trees, they both are robust methods for building
evolutionary trees. The Jukes-Cantor model is simply a mathematical model that describes the
change of one the nucleotides in the DNA sequence to another one, over time (Nei and Kumar
2000). All of its parameters are automatically estimated by MEGA.

Both NJ and ML produce trees that are unrooted, even though they are frequently drawn from
left to right. In this case, if one knows the outgroup then it can be used to properly root the
tree. Choosing a proper out group can be a difficult task and may require some trial and error
(Nei and Kumar 2000). A good out group should be similar to the sequences in question, but
different enough so that the computer program can see the differences (Nei and Kumar 2000).
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