Workflows (and more!) with Galaxy

Expression Dynamics of Human XBP1 Revealed using an Integrative Approach

Jeremy Goecks
The Galaxy Team & Emory University




Approach

Describe how Galaxy was used to complete
an NGS biological analysis, and highlight
Galaxy features along the way




The Investigation

Understanding human XBP1 expression
dynamics
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Translational Pausing
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XBP1 Isoforms

A ORF A (produces XBPIU) ._A
XBP| mRNA e
'E OREF B (joins with ORF A to produce XBPIS) 13

very similar isoforms

frameshift between isoforms

Chung et al., PLoS CB 2007




Questions

Can current RNA-seq tools be used to
identify and quantify XBP1’s highly
similar isoforms?

Can XBP1’s translational pause point be
identified?




Galaxy 101
(the really short version)

https://main.g2.bx.psu.edu/galaxy101
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Analyze Data  Workflow Shared Data Lab Visualization Admin Help User

Tools Options »

Home Genomes Genome Browser Blat Tables Gene Sorter PCR Session FAQ
Get Data i Help

= Upload File from your computer
UCSC Main table browser

Table Browser

Use this program to retricve the data associated with a track in text format, to calculate intersections between
tracks, and to retneve DNA sequence covered by a track. For belp in using this application see Using the
Table Browser for a description of the controls in this form, the User's Guide for general information and

UCSC Archaea table browser

BX main browser

Get Microblal Data
BioMart Central server

CrameneMart Central server

sample queries, and the OpenHelix Table Browser tutonal for a namrated presentation of the software features
and usage. For more complex queries, you may want to use Galaxy or our public MySQL server. To
examine the biological function of your set through annotation enrichments, send the data to GREAT. Refer

to the Credits page for the list of contributors and usage restrictions associated with these data.
Flymine server cade: = — —

Mammal ¢/ genome: | Human +] assembly: | feb. 2009 (GRCh37/hg19) 3
mOJdENCODE fly server . =) : T
o or group: ' Genes and Gene Prediction Tracks v track: ' UCSC Genes >

Ratmine server —
table: | knownGene & describe table schema

add custom tracks

MOdENCODE worm server

Wormbase server
EuPathD8 server

region: () genome @ position chr22 lookup
identifiers (names/accessions):  paste list ) (upload list

filter:  create

define regions

EncodeD8 at NMGRI
ERICRAPH server

Send Data

ENCODE Tools
Lift-Over

Text Manipulation
Convert Formats

FASTA manipulation
Filter and Sort

Join, Subtract and Group
Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores
Operate on Genomic Intervals

intersection: create
correlation: | create
output format: BED - browser extensible data ¢) Send output to ¥ Galaxy

output file: (leave blank to keep output in browser)

file type returned: @ plain text gzip compressed

get output summary/statistics

To reset all user cart settings (including custom tracks), click here.

Using the Table Browser
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Analyze Data Workflow Shared Data Lab Visualization Admin

Tools Options ~ History Options «

Get Data @ The following job has been successfully added to the queue
Upload File from your computer

UCSC Main table browser 1: UCSC Main

| 1 UCSC Main on Human; ® ( 32
You can check the status of queued jobs and view the resulting data knownGene (chr22:1-51304566)
BX malin browser by refreshing the History pane. When the job has been run the status .
will change from ‘running’ to ‘finished" if completed successfully or
Get Microblal Data ‘error’ if problems were encountered.

UCSC Archaea table browser

BioMart Central server
GrameneMart Central server
Flymine server

modENCODE fly server

Ratmine server

modENCODE worm server

Wormbase server
EuPathDB server

EncodeD8 at NHCRI

EpICRAPH server

Send Data

ENCODE Tools

Lift-Over

Text Manipulation

Convert Formats

FASTA manipulation
ilter

Join, Subtract and Group

Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores

Operate on Genomic Intervals
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Analyze Data Workflow Shared Data Lab Visualization Admin Help User

Tools Lption Home Genomes Genome Browser Blat Tables Gene Sorter PCR Session FAQ

Get Data Help
Upload File from your computer

UCSC Main table browser
UCSC Archaea table browser

BX main browser

Get Microblal Data

BioMart Central server
GrameneMart Central server
Flymine server

modENCODE fly server
Ratmine server

modENCODE worm server

Wormbase server
EuPathDB server

EncodeD8 at NHCRI

EpICRAPH server
Send Data
ENCODE Tools
Lift-Over
Text Manipulation
Convert Formats
FASTA manipulation
Filter and Sort
Join, Subtract and Group
Extract Features
Fetch Sequences
Eetch Alignments
Get Genomic Scores
Operate on Genomic Intervals

Table Browser

Use this program to retrieve the data associated with a track in text format, to calculate intersections between
tracks, and to retricve DNA sequence covered by a track. For help in using this application see Using the
Table Browser for a description of the controls in this form, the User's Guide for general information and
sample queries, and the OpenHelix Table Browser tutorial for a namrated presentation of the software features
and usage. For more complex queries, you may want to use Galaxy or our public MySQL server. To
examine the biological function of your set through annotation enrichments, send the data to GREAT. Refer
to the Credits page for the list of contributors and usage restrictions associated with these data.

clade: | Mammal %] genome: | Human 3] assembly: | Feb. 2009 (GRCh37/hg19) ‘3]

group: | Variation and Repeats #) track: (swes3n 58] ((add custom tracks

table: ' snpi31 8] (describe table schema

region: () genome @ position chr22:1-51304566 ‘lookup ) (define regions

identifiers (names/accessions): ( paste list | [ upload list
filter: ( create

intersection: | create

correlation: | create

output format: = BED - browser extensible data

output file: (leave blank to keep output in browser)
file type returned: @ plain ext O gzip compressed

¢) Send output to & Galaxy O GREAT

get output summary/statistics

To reset all user cart settings (including custom tracks), click here.

Using the Table Browser
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Analyze Data Workflow Shared Data Lab Visualization Admin Help

Tools Options ~ History Options «
Get Data M) @ The following Job has been successfully added to the queue -
« Upload File from your computer b
. Unnamed history
= UCSC Main table browser 2: UCSC Main E
« UCSC Archaea table browser , : § 2.UCSC Main on Human; @ ¢ 3
You can check the status of queued jobs a_nd view the resulting data ' snpl31 (chr22:1-51304566)
= BX maln browser by refreshing the History pane. When the job has been run the status 2
will change from ‘running’ to ‘finished" if completed successfully or ! .. :
* Get Microblal Data ‘error’ if problems were encountered. § 1 UCSC Main on Human: @ R
! knownGene (chr22:]1 - 4
= BioMart Central server _

« GrameneMart Central server

» Flymine server
= modENCODE fly server

= Ratmine server

« modENCODE worm server

» Wormbase server
= EuPathDB server

= EncodeD8 at NHGRI

= EDICRAPH server -

Send Data

ENCODE Tools
Lift-Over

Text Manipulation
Convert Formats

FASTA manipulation
Filter and Sort

Join, Subtract and Group
Extract Features

Fetch Sequences

Eetch Alignments

Get Genomic Scores
Operate on Genomic Intervals -
Statistics
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Analyze Data

Tools Options ~

Text Manipulation
Convert Formats
FASTA manipulation
ilter
Join, Subtract and Group
Extract Features
Fetch Sequences
Fetch Alignments
Get Genomic Scores
Operate on Genomic Intervals

= Intersect the intervals of two
queries

= Subtract the intervals of two
queries

= Merge the overlapping intervals
of a query

» Concatenate two queries into

one query
» Base Coverage of all intervals

» Coverage of a set of intervals
on second set of intervals

= Complement intervals of a
query

» Cluster the Intervals of a query

= Join the intervals of two queries
side-by-side

= Get flanks returns flanking

region/s for every gene

» Fetch closest feature for every
interval

= Profile Annotations for a set of
genomic intervals

Statistics

Workflow Shared Data Lab Visualization Help

Join

Join:
1: Exons | :_‘

First qQuery

with:
2:SNPs 18]

Second query

with min overlap:

1

oy
on)

Return:
Only records that are joined (INNER JOIN) +

Execute

€ TIP: If your query does not appear in the pulldown menu, it means that it is
not in interval format. Use “edit attributes” to set chromosome, start, end,
and strand columns.

Screencasts!

See Galaxy Interval Operation Screencasts (right click 1o open this link in
another window).

Syntax

e Where overlap specifies the minimum overlap between intervals that
allows them to be joined.

¢ Return only records that are joined returns only the records of the
first query that join to a record in the second query, This is analogous
to an INNER JOIN.

¢ Return all records of first query (fill null with ") returns all intervals
of the first query, and any intervals that do not join an interval from the
second query are filled in with a period(.). This Is analogous to a LEFT
JOIN.

¢ Return all records of second query (fill null with “.") returns all
ntervals of the second query, and any intervals that do not join an

!\

v

e

User

MICITA AR

Options «

® (K
@® 7 R
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Analyze Data

Workflow Shared Data Lab Visualization Admin

Help

Tools Options ~

Text Manipulation
Convert Formats
FASTA manipulation
ilter
Join, Subtract and Group
* Join two Queries side by side
on a specified field

= Compare two Queries to find

common or distinct rows

» Subtract Whole Query from
another query

= Group data by a column and
perform aggregate operation
on other columns.

= Column Join

Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores
Operate on Genomic Intervals
Statistics
Graph/Display Data
Regional Variation
Multiple regression
Multivariate Analysis
Evolution

Metagenomic analyses
Human Genome Variation

EMBOSS

NGS TOOLBOX BETA
NGS: QC and manipulation
NGS: Mapping

NGS: SAM Tools

Group

Select data:
3: Join on data 2 and data 1 | 3)

Query 1 ? See TIP below

Group by column:
4 34

Ignore case while grouping?:

Operations
“Add new Operation
Execute

€) TP If your data Is not TAB delimited, use Text Manipulation->Convert

Syntax

This 1oo! allows you to group the input dataset by a particular column and
perform aggregate functions like Mean, Median, Mode, Sum, Max, Min,
Count, Random draw and Concatenate on other columns,

¢ All invalid, blank and comment lines are skipped when performing the
aggregate functions. The number of skipped lines is displayed in the
resulting history item.

e If multiple modes are present, all are reported.

Example

¢ For the following input

¢ Grouping on column 4 while ignoring case, and performing operation
Count on column 1 will return

~

.y 2

~

History Options «
W=

Calaxy 101

3 Joinondata2and datal @ ( 3¢

16,190 regions, format: interval,
database: hglS
info

-

| display at UCSC main | view In
CeneTrack | display at Ensembl
Current

1.Chrom 2.5tart 3 End

chr22 y 16238303 wc00221b 1 o«
ohr22 we 00221k 1 o«
ohr22 wol02z1b 1 o«
obra2 wol02zik 1 _cc
obr22 2 16267055 wcl02z1b 1 o«
obra2 £269872 16269343 wol02z1bk 1 _coc
( ’ 4 »
2: SNPs ® ()R
1; Exons ® (%
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- Galaxy

Tools Options ~
Lint-Over
Text Manipulation

Convert Formats
FASTA manipulation
Filter and Sort

= Filter data on any column using
simple expressions

» Sort data in ascending or
descending order

= Select lines that match an
expression

» Filter on ambiguities in
polymorphism datasets

GFF

= Extract features from GFF file

= Filter GFF file by attribute using
simple expressions

» Filter GFF file by feature count
using simple expressions

Join, Subtract and Group

Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores

Operate on Genomic Intervals

Statistics

Graph/Display Data

Regional Variation

Analyze Data

Workflow Shared Data Lab Visualization

Sort

Sort Query:
“4: Group on data 3 . |

on column:
c2 wed

with flavor:

Numerical sort 1§
everything in:
Descending order j_-l

Column selections
Add new Column selection

Execute
€ TP: If your data is not TAB delimited, use Text Manipulation->Convert

Syntax

This tool sorts the dataset on any number of columns in either ascending or
descending order.

¢ Numerical sort orders numbers by their magnitude, ignores all
characters besides numbers, and evaluates a string of numbers 10 the
value they signify.

e Alphabetical sort is a phonebook type sort based on the conventional
order of letters In an alphabet. Each nth letter Is compared with the
nth letter of other words in the list, starting at the first letter of each
word and advancing to the second, third, fourth, and so on, until the
order is established. Therefore, in an alphabetical sort, 2 comes after

Admin Help

~

Multiple regression 100 (1 < 2).

Multivariate Analysis

Evolution Examples

Metagenomic analyses The list of numbers 4,17,3,5 collates to 3,4,5,17 by numerical sorting, while
Human Genome Variation it collates to 17,3,4,5 by alphabetical sorting. 3
1RO £ ann ko Lol N

User

History Options «
W=

Calaxy 101

4; Group on data 3 @® %

7,030 lines, format: tabular, database:
hgl9

info: <~Group by c4: count[c4)

ol &

. o
. -
vwe 00221k 1

ve002z1h 1 _cds 2 0 _cher22 16266929 _r 4
we002z1h 1_cds_4_0_chr2Z_ 16269673
ve 00221k 1 0_chr22_16275207_r
vwe00221h 1 _cds _6_0_chr22 16277748_r

1 D

vwe00221h 1 _cds_7_

N AR -

¥

0_chr22_1627919¢

3: Join on data 2 and data 1 @& J 2

2: SNPs @ (%

1; Exons ® (] 2
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Tools Options ~

Lirt-Over

Ti Manipulati
* Add column to an existing
query

« Compute an expression on
every row

= Concatenate gueries tail-to-
head

» Condense consecutive
characters

= Convert delimiters to TAB
= Merge Colymns together

= Create single interval as a new
query

= Cut columns from a table

= Change Case of selected
columns

= Paste two files side by side

= Remove beginning of a file

= Select random lines from a file
= Select first lines from a Query
= Select last lines from a Query

= Trim leading or trailing
characters

Convert Formats
FASTA manipulation

ilter
Join, Subtract and Group
Extract Features
Fetch Sequences
Fetch Alignments
Get Genomic Scores

Analyze Data

Workflow Shared Data Lab Visualization Admin Help

Select first

Select first
5

from:
5: Sort on data 4 v ,)

Execute

What it does

This ool outputs specified number of lines from the beginning of a dataset

Example

Selecting 2 lines from this

chr? S6452 DI17003 OTC -' 310 <
chr? S67% D170 .
chr? 56781 | -
ohx? 96792 .

chr? 56795

will produce

User

History Options «

| 5; Sort on data 4 @ (%8
: 7,030 lines, format: tabular, database;
| hgl9

 Info

| O

i 2
| 0c010gsw. 1_cds_1_0_chr22_21480537_r &7
l vc002z0c.2_cds_0_0_chrZ22 186934445_f 59
| oc003bhh, 2_cds_0_0_ckar22_466524568_r 46
ve002z24 .3 _cds_0_0_chr22 20456392_r 41
we002z0q.3_cds_0_0_chr22 _21739146_£ 41

i oe :'n:‘.‘::'.l:.' .'{_r;d w_l‘l_l’l_t:hf :-,'2_2 190 I'li?'wit:._r 41

[

4: Group on data 3 @ R’

= preveLy

!3:Joinondata2anddatal @ ( &
| 2: SNPs ® (%
i

l 1: Exons @ JRr




Galaxy 101 Highlights

Requires only a Web browser
Integrated data sources, including UCSC

Collection of many tools that can be
combined into complex analyses

Datasets grouped together into a history

18




Genome Biology
Downstream

analyses

Data reduction
[l Data management

[ Sequencing

O Sample collection and
experimental design

hputation!

Future
(Approximately 2020)

Now
(Approximately 2010)

Pre-NGS
(Approximately 2000)

Downstream analyses
(differential expression,
omputation!

novel TARs, regulatory
networks, ...) €




Computation in Science?

Scientists unfamiliar with computation

Reproducibility hindered by complexity:
systems, scripts, tools, parameters

Collaboration and publishing difficult
because current media do not support
computational artifacts well




Galaxy Project: Fundamental
Questions

When Biology (or any science) becomes dependent on

computational methods, how to:
+ make tools and methods accessible to scientists?
+ ensure that analyses are reproducible?
+ enable transparent communication and reuse of analyses?




Galaxy is an open, Web-based platform for

accessible, reproducible, and transparent
computational biomedical research




What is Galaxy?

GUI for genomics
+ for complete analyses: analyze, visualize, share, publish

A free (for everyone) web service integrating a
wealth of tools, compute resources, terabytes of
reference data and permanent storage

Open source software that makes integrating your
own tools and data and customizing for your own
site simple




Amplification

Many tools available in a single place means
that tools can be combined in novel ways

Everything is open source: framework,

protocols, and libraries
+ reused and extended by anyone

Users, developers, community benefit




Questions

Can current RNA-seq tools be used to
identify and quantify XBP1’s highly
similar isoforms?

Can XBP1’s translational pause point be
identified?




next generation gene
RNA_Seq expression data

fragmen-
\ tation

mRNA l RT

sequence library
RT\,_, =

fragmen-
tation

http://www.fml.tuebingen.mpqg.de/raetsch/members/research/transcriptomics




lllumina BodyMap 2.0

RNA-seq (Hi-Seq) data from 16 human tissues

Two datasets for each tissue
+  50bp paired-end
+ 75bp single-end

~80 million reads per dataset, ~160 million reads per tissue

In a public data library on usegalaxy.org

http://www.ensembl.info/blog/2011/05/24/human-bodymap-2-0-data-from-illumina/
27




Differential Expression Analysis in
Galaxy

NGS: Expression Analysis

Tophat for lllumina Find splice
junctions using RNA-seq data

Cufflinks transcript assembly
and FPKM (RPKM) estimates for

RNA-Seq data
Map Reads Tophat Cuffcompare compare

assembled transcripts to a
reference annotation and track
Cufflinks transcripts across
multiple experiments

Cuffmerge merge together
several Cufflinks assemblies

Assemble Transcripts and
Quantify Cufflinks

Cuffdiff find significant changes
in transcript expression,
splicing, and promoter use

. . . Trinity De novo assembly of
Differential Expression RNA-Seq data

Cuffcompare/merge, Cuffdiff

Filter Combined Transcripts
using tracking file

1. Trapnell, C., Pachter, L. and Salzberg, S.L. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics 25, 1105-1111 (2009).
2.Trapnell et al. Transcript assembly and abundance estimation from RNA-Seq reveals thousands of new transcripts and switching
among isoforms. Nature Biotechnology doi:10.1038/nbt.1621

28




Differential Expression Analysis in

1.Trapnell, C,, Pachter,
2.Trapnell et al. Transg
among isoforms. Na

Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks

Cole Trapnell, Adam Roberts, Loyal Goff, Geo Pertea, Dachwan Kim, David R Kelley, Harold Pimentel,

Steven L Salzberg, John L Rinn & Lior Pachter

Affiliations | Contributions | Corresponding author

Nature Protocols 7, 562-578 (2012)
Published online 01 March 2012

| doi:10.1038/nprot.2012.016

Abstract

« Accession Codes « Author Information

Recent advances in high-throughput cDNA sequencing (RNA-seq) can reveal
new genes and splice variants and quantify expression genome-wide in a single
assay. The volume and complexity of data from RNA-seq experiments
necessitate scalable, fast and mathematically principled analysis software.
TopHat and Cufflinks are free, open-source software tools for gene discovery
and comprehensive expression analysis of high-throughput mRNA sequencing
(RNA-seq) data. Together, they allow biologists to identify new genes and new
splice variants of known ones, as well as compare gene and transcript
expression under two or more conditions. This protocol describes in detail how
to use TopHat and Cufflinks to perform such analyses. It also covers several

=23 print
email
download citation
order reprints
rights and permissions

share/bookmark

accessory tools and utilities that aid in managing data, including CummeRbund, a tool for visualizing RNA-
seq analysis results. Although the procedure assumes basic informatics skills, these tools assume little to no
background with RNA-seq analysis and are meant for novices and experts alike. The protocol begins with raw
sequencing reads and produces a transcriptome assembly, lists of differentially expressed and regulated
genes and transcripts, and publication-quality visualizations of analysis results. The protocol's execution time
depends on the volume of transcriptome sequencing data and available computing resources but takes less

than 1 d of computer time for typical experiments and ~1 h of hands-on time.
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Map Reads Tophat

Assemble Transcripts and
Quantify Cufflinks

Differential Expression
Cuffcompare/merge, Cuffdiff




Quality Control,
Preprocessing
Map Reads Tophat

Assemble Transcripts and
Quantify Cufflinks

v D

Differential Expression
Cuffcompare/merge, Cuffdiff
Filter for XBP1 transcripts
Downstream Analyses

31




Working with NGS Tools

Often challenging
+ many parameters
+ time intensive
+ evaluating results difficult

Three ways Galaxy can help:
experimentation: can rerun tools, workflows

visualization: Trackster, display applications
reproducibility: parameters tracked, workflows
available




L R = Galaxy x

¢
LR | & rrips /maing2bxpsuede RS

- Galaxy

Analyze Data Nork!

Get Data

Send Data

ENCODE Tools
Lift-Over

Text Manipulation
Convert Formats

FASTA manipulation
Filter and Sort

loin, Subtract and Group
Extract Features

Fetch Sequences

F Alignments

Get Genomic Scores
QOperate on Genomic Intervals
Graph/Display Data
Regional Variation
Multiple regression
Multivariate Analysis
volution

Motif Tools

Multiple Alignments
Metagenomic analyses
Human Cenome Variation
Genome Diversity

NGS WBOX BETA

NGS: QC and manipulation

NGS: Mapping
NGS: SAM Tools
NGS: Indel Analysis
NGS: Peak Callina

L 4

Tophat for lllumina (version 1.5.0)

RNA-Seq FASTQ file:
1: ERRO30882 1 brain.fastqg :'l

Nucie ') space: Must have Sanger-scaled quality values with AS(

Will you select a reference genome from your history or use a bullt-in index?:

Use a built-in index vl

Built s were Indexed us

Select a reference genome:

Human (Homo sapiens): hgl9 Full

Is this library mate-paired?:
- ‘

Paired-end 'S

RNA-Seq FASTQ file:
2: ERRO30882_2_brain.fastq &

Muct b s 3 < 35

N 1VE ¢
ive Sang sCaled qQquaiity va

vJ € J
Mean Inner Distance between Mate Pairs:

110

TopHat settings 10 use:

Commonly used 84

Tophat Overview
s a fast splice junction mapper for RNA-5eq reads. It aligns RNA-5eq reads to mammallan-sized genomes using the ultra high-
rr exons, Please cite

, 1105-1111 (2009

rt read aligner Bowtie, a n analyzes the mapping results to identify $p

yHat discovering splice junctions

Know what you are doing

There is no such thing (yet) as an automated gearshift in splice junction identification. It Is all like stick-sh

other words, r with default parameter ably not giwve you me ngful results. A way

understand the parameters by carefully reading the gocumentation and experimenting. Fortunately, Galaxy makes exper

nout formats

History

franscript expression

13: Cufflinksondata 8 @ ()
gene express:ion

12: BodyMap-8rain 75bp @ (
SE mapped reads

11: Tophat for lllumina @ ¢
on data 4 and data 3: splice

junctions

10: Tophat for lllumina @
on data 4 and data 3: deletions

9: Tophat for lllumina on @ ¢
data 4 and data 3: insertions

8: BodyMap-8rain 50bp @ () &
PE mapped reads
39Cb
format: bam, database: hgl9
Info: TopHat v1.4.0
tophat <p 8 -r 110 -a 8 -m 0 -1 20

500 .g 40 -G
/galaxy/main_pool/pool2/files /003
/634 /dataset_3634785.0at -~
library-type fr-unstranded ~-max
insertion-length 3 --max-deletion-
length 3 ~~coverage-search <<min-
coverage~intron 20 ~-max~¢

i

= ot

display at UCSC main
display at Ensembl Cu
display with ICV web curre
display In 1G8 Local Wed

Dinary ba= alignzents file

7: Tophat for llluminaon @ ¢ &

data 2. data 4, and data 1: splice
gng]ngn;




Galaxy

+ tool integration framework

+ heavy focus on usability

+ sharing, publication framework

Genome Browser

+ physical depiction of data
+ visually identify correlations
+ find interesting regions, features




Trackster

Web-based visualization of your NGS data
+ requires only a Web browser

+ dynamic and customizable
+ supports BAM, BED, GFF/GTF, WIG, VCF

Platform for visual analysis
+ tools integrated with visualization

Can share & publish fully-functional visualizations




Using 29.4 Gb
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Visualization~  Help Using 29.4 Cb

Test (hgl9) o 29,191,945 - 29,192,325




LA

¢
LR & rrips/maing2bxpsuede O

-_ Galaxy

Get Data

Send Data

ENCODE Tools
Lift-Over

Text Manipulation
Convert Formats

FASTA manipulation
Filter and Sort

loin, Subtract and Group
Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores
QOperate on Genomic Intervals
Graph/Display Data
Regional Variation
Multiple regression
Multivariate Analysis
Evolution

Motif Tools

Multiple Alignments
Metagenomic analyses
Human Cenome Variation
Genome Diversity

NGS WBOX BETA

NGS: QC and manipulation
NGS: Mapping
NGS: SAM Tools

NGS: Indel Analysis

NGS: Peak Callina

L 4

Analyze Data  Workllow  Shared Dats Visualization User

Tophat for lllumina (version 1.5.0)

RNA-Seq FASTQ file
1: ERRO30882_1_brain.fastq _:l

A Must ave Sang scaled quality values with AS( fset 33

vucie

Will you select a reference genome from your history or use a built-in index?:

Use a built-in index o

Select a reference genome:

Human (Homo sapiens): hgl9 Full

f your genome of

Is this library mate-paired?:

Paired-end 34

RNA-Seq FASTQ file:
2: ERRO30882_2_brain fastq &

N Must y

wdie ave Sanger-scaled qualit

Mean Inner Distance between Mate Pairs:
110

TopHat settings 1o uses

Full parameter list -8

moLt mannsing n {
0 ¢

Library Type
FR Unstranded =2

sHat will treat the reads as ¢

Std. Dev for Distance between Mate Pairs:
20

eviation

Anchor length (at least 3)
8

Maximum number of mismatches that can appear in the anchor region of spliced alignment:

0

The minimum intron length:

8 experimentation

Using 383.5 Gb

History

franscript expression

13: Cufflinksondata 8 @ ()
gene express:ion

12: BodyMap-8rain 75bp @ (
SE mapped reads

11: Tophat for lllumina @ ¢
on data 4 and data 3: splice

junctions

10: Tophat for lllumina @
on data 4 and data 3: deletions

9: Tophat for lllumina on @ ¢
data 4 and data 3: insertions

§: BodyMap-B8rain 50bp @®

PE mapped reads

39Ch

format: bam, database: hgl9

Info: TopHat v1.4.0

tophat <p 8 -r 110 -a 8 -m 0 -1 20
S00000 -g 40 -G

/galaxy/main_pool/pool2 /files/O

/634 /dataset_3634785.0at -~

library-type fr-unstranded ~-m

insertion-length 3 --max-deletion-

length 3 ~~coverage-search <-min-

coverage~intron 20 ~~-max~¢

X
= ot

display at UCSC main

display at Ensembl! Currs
display with ICV web cu
display In 1G8 Local Wed

Dinary ba= alignzents file

7: Tophat for llluminaon @ ¢ &

data 2. data 4, and data 1: splice
gng]ngn;




main.g2.bx.psu.edu
Analyze Data Norkfiow  Share Visuakization Admir el Jser 383.5Ch

Maximum intron length that may be found during split-segment (default) search: History

500000 franscript expression

Number of mismatches allowed in the initial read mapping: 13: Cufflinksondata 8 @ ()

Get Data
Send Data
ENCODE Tools
Lift-Over
Text Manipulation
Convert Formats
FASTA manipulation
Filter and Sort
loin, Subtract and Group
Extract Features
Fetch Sequences
Fetch Alignments
Get Genomic Scores

r n nomic |
Graph/Display Data
Regional Variation
Multiple regression
Multivariate Analysis
Evolution
Motif Tools
Multiple Alignments
Metagenomic analyses
Human Cenome Variation
Genome Diversity
EMBOSS

NGS TOOLBOX BETA
NGS: QC and manipulation
NGS: Mapping

NGS: SAM Tools

NGS: Peak Callina
L 4

2

Number of mismatches allowed in each segment alignment for reads mapped independently:

2

Minimum length of read segments

25

Use Own Junctions

Yes

Use Gene Annotation Model:
Yes o

Gene Model Annotations:
4: UCSC hgl9 refseq genes

e the exo

Use Raw Junctions:
No &

Only look for supplied junctions
No o

Use Closure Search:
No o

Use Coverage Search

Yes &

Minimum iftegn length that may be found during coverage search

20

20000

Use Microexon Search
No &

Maximum-riiron length that may be found during coverage search:

3 experimentation

gene express:ion

12: BodyMap-8rain 75bp @ (
SE mapped reads

11: Tophat for lllumina @ ¢
on data 4 and data 3: splice
unctions

10: Tophat for lllumina @
on data 4 and data 3: deletions

9: Tophat for lllumina on @ ¢
data 4 and data 3: insertions

§: BodyMap-8rain 50bp @ (/

PE mapped reads

39Cb

format: bam, database: hgl

Info: TopHat v1.4.0

tophat <p 8 -r 110 -a 8 -m 0 i
S00000 -g ¢ G

fgalaxy/main_pool/pool2 /files /O

/634 /dataset_3634785.dat -~

library-type fr-unstranded --m

insertion-length 3 --max-deletion-

th 3 -~coverage-search --min-
coverage~intron 20 ~~-max~¢

i 5 Dy
= ot

display at UCSC main

display at Ensembl! Current
display with ICV web current local
display In 1G8 Local Wed

Dinary de= align

7: Tophat for flluminaon @ § ¥

data 2. data 4, and data 1: splice
gng]ngni




ec2-50-17-146-90.compute~1.amazonaws.com/trac

Visualization ~ felp Use Using 29.4 Cb

Test (hg19) 29,191,945 - 29,192,325

success




Quality Control,
Preprocessing
Map Reads Tophat

Assemble Transcripts and
Quantify Cufflinks

v D

Differential Expression
Cuffcompare/merge, Cuffdiff
Filter for XBP1 transcripts
More Analyses

4




Get Data

send Data

ENCODE Tools
Wft-Over

Tex1 Manipulation
Convert Formats

FASTA maniputation
flter and Sort

Join, Subtract and Group
Extract Features

Feich Sequences

Feich Alignments

Get Genomic Scores
Operate on Cenomic Intervals
Statistics
Graph/Display Data
Reqlonal Yariation
Multiple reqression
Multivariale Analysis
Evolution

Motif Tools

Multiple Alignments
Metagenomic analyses
Human Cenome Variation
Cenome Diversity
EMBOSS

L

Analyze Data

Cufflinks (version 0.0.5)

SAM or BAM file of aligned RNA-Seq reads
& BodyMap-Brae SO _apped reads o

Max Intron Length

260000

Min Isoform Fraction:

0.05

Pre MRNA Fraction

0.05

Pocform quartile-ffiormalization:
No &

Use Reference Annotation:
No

Perform Bias Correction:

Yes ‘&

Reference sequence datx

Locally cacked 84

Set Parameters for Paired -end Reads? (not recommended)

No &

History

A DUQYMAD-BrAIn V0D @ ¢ X
PE De noyo assembled transcripts

~480.000 Enes
format: gUf, dmabase: hgl9
nfo: cufflinks v1.3.0

CUIMinks -Q =-no MR -Check -

/galaxy/data/hglS/sam_index/hgl
9.12
SERCHE ¥ -

display at UCSC main

display at Ensembl Currens

1.5eqeane 2. Source 3. Festure 4.9

Cuffllaks transcript 1389
exgn 139
$ tramacript 10T

exdh

enan

s traoscript

lECufflinksondata & @
transcript expression

L Cuffinksondata 8 @
aene expression

12 BodyMap-8rain 7500 @
SE mapped reads

11: Tophat for lluming @&

Cufflinks Overview on dala 4 and data 3: splice

pks assembles transcripts, estimates their abundan r d renbal expression and regulation i RNA-Seq lunctions

OOLBOX 8§

NGS: QC and manipulation samples. It accepts aligned RNA-Seq reads anc embles the alignments into rsimonic et of transc $. Cufflinks then

NGS: Mapping pstimates the tive abundances of these transcripts based on how many reads s teach o Please cite: Trapnell C, Wilham 10: Tophat for Ilumina = ¢
) BA, Pertea G 3 (wan G, van Baren M), Salzberg SL, Wold B, Pachter L. Transcript as d 2 ance estimation on data 4 and data 3. deletions
NGS: SAM Tools from ANA-Se vea's t neds of new transcripts and swilching among isoforms, Nature Biotechnology doi: 10.1038/nb¢.1

NGS: Inde! Analysis 2. Tophat for llumina on @ ¢
NGS: Peak Calling data 4 and data 3: insertions

. Know what you are doing
NCS: RNA Analysis .
: There Is no such thing (3 on analvsis. It Is . 8 shift deiving in San Erancisco. In 8. BodvMap-firain S0bp @ ¢/
NGS: Picard (beta) IS 0 et it : - A O R T ) A et PE mapped reads

other words, run 00! with default parameters will probg G ou meaningful resuits 0 deal with this is to
understand 1he parameters by carefully reading the docums On and experimantin oriunae Calaxy makes experimenting ~ ’
. 7: Toohat for lllumina on @ &

easy

)




main.g2.bx.psu.edu/tracks/b

Using 402.0 Gb

ol 29,189,371 - 29,196,677

29,190,000

T
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Waypoint

Found good parameter values via

experimentation

+ can map and assemble RNA-seq reads
from a single dataset

But there are 16 tissues, each with 3
RNA-seq datasets




Quality Control,
Preprocessing
Map Reads Tophat Map Reads Tophat Map Reads Tophat

Assemble Transcripts and Assemble Transcripts and Assemble Transcripts and
Quantify Cufflinks Quantify Cufflinks Quantify Cufflinks

\ Differential Expression

Cuffcompare/merge, Cuffdiff

Filter for XBP1 transcripts

More Analyses

45




Galaxy Workflow System

Using 383.5 Gb

Canvas | BodyMap apping and Assembly Options «

e \\orkflows can be constructed
deseanas from scratch or extracted from
existing analysis histories

Filter GFF data by attribl
using simple exp n

Filter GFF data by feature Tophat for lllumina  $%

count using simple Filter GFF data by attribute  §2

ane

s - , Facilitate reuse and provide

Operate on Genomic Interva

P | A precise reproducibility of a

st s s complex analysis

Graph/Display Data ou

= VCF to MAF Custom Track
for display at UCSC

Regional Variation

= Filter nucleotides based on

quality scores

hlin from 3




Galaxy Workflows

Calaxy anon Calaxy
| http://main.g2.bx.psu.edu/workflow/editor?id=a6d 94 claf8 ¢
| < [ k| 9 ht 2.b d fl d d=abd94f12f42c1af C
Shared Data  Visualization  Help -. Galaxy Analyze Data  Workflow  Shared Data  Visualization Help  User
Workflow Canvas | SNP variant detection from paired -end reads
the first megabyte is shown below
- Saved Histories Input dataset b4
> Histories Shared with Me X
[} 0 [ $ . output
T ¥ 7% - 3 (=] 0
G X 144 = 35 A Create New
7 T &0 = 1 : FASTQ Groomer 2
G 0 ) (] % . Clone
b < 3 ) 6 47 2 =
4 4 y ¢ 44 dat88 Share or Publish File to groom
A A ) &0 ¢
A &0 = nf
& Py g =0 : Extract Workflow output_file
< z :. o Dataset Security fastqsanger fastacssanger fastgsolexa fastgillumina)
. p $ 2 Show Deleted Datasets Map with Bowtie for lllumina £2
8 4 Show Hidden Datasets FASTQ Trimmer = r
- c - Forward FASTQ file
g 3 N Show structure FASTO File
s s 4 : ASTQ File Reverse FASTQ file
9 0 2 « output_file outout (sam)
o 6 it -
A A 1 24 SAM -to-BAM b4
- - = 24 -
‘ A 5 Fid SAM File to Convert
a A a il | Input dataset b4 outoutl (bam)
s a 8 9: Generate pileupon @ J 3% | output
A G 4 40 G dg!a»_s
- T 0 0 7 Generate pil
T 37 ? -to-BAM ? 82 | Coloct
2 z 27 8 SAM-to-BAM on data @ / % FASTQ Groomer 33 Select the BA
a ae - 4 generate the
A A - 3 : File to groom file for
A 46 7: Map with Bowtie for @ 7 %
A A : < r file ¥ 11 (tah
o 6 g IHlumina on data 6 and data 5 output_file outputl (tab
8 < 9.073.928 lines, format: sam (fastqsanger fastqessanger, fastqsolexa fasiqillumina)
i : _; database: mm9
o < nfo: Sequence file aligned z
4 b ’ FASTQ Trimmer =
6 A
A G FASTQ Flle
- ut_file




workflow Canvas | BodyMap tsoform Assembly and Quantitation Qpuons

wk flow Parameters

Culld







Get Data

Send Data

ENCODE Tools

Lift-Over

Text Manipulation

Conver rm

FASTA manipulation

Ellter and Sort

Join, Subtract and Group
I F n

Eetch Sequences

Feich Alignments

Get Cenomic Scores

Operate on Cenomic Intervals
tistl

Craph/Display Data

Regional Variation

Multiple regression

Multivariate Analysis

Evolution

Motif Tools

Multiple Alignments

Metagenomic analyses

Human Genome Variation

Genome Diversity

EMBOSS

NGS: QC and manipulation

NGS: Mapping
NGS: SAM Tools

NGS: Peak Callina
<

TCONS_00C
TCONS_000
TCONS_000
TCONS_

5
]

(3

21/

2

TS536244

chr22:29190544-29196560

Using 383.5 Cb

History

60; Cuffmerge-Cuffdiff @
XBP1 Isoform Tracking

59: Cuffcompare-Cuffdiff @
XBP1 Isoform Tracking

58 Cuffdiffon data 12. @
data 8, and others: transcript
FPKM 1racking

S7. Cuffdiff ondata 12, @
data 8, and others; transcript

differential expression testing

56: Cuffdiff on data 12, @
data 8, and others: gene FPKM
tracking

SS:Cuffdiffondata 12. @® ¢
differential expression testing

S4: Cuffdiff ondata 12, @
data 8. and others: TSS groups
FPKM tracking

@® 0
data 8, and others: T5S groups
differential expression testing

52 Cuffdiffondata 12. @ (
data 8, and others: CDS FPKM
tracking

SLCuffdiffondata 12, @ ¢ i
data 8. and others: CDS FPKM

50: Cuffdiffondata 12, @ 7 &8
data 8. and others: CDS
overloading diffential expression
testing




Quantification

Read to transcript mapping difficult because
read can map to multiple transcripts

FPKM = fragments per kilobase of exon per

millions of reads
+ normalize by exon length and sample size

1 FPKM ~ 1 transcript per cell in mouse




XBP1u

XBP1s

Non-coding Isoform
(uc003aec.2)

Results

. Adipose Adrenal Brain Breast Colon Heart Kidney Liver Lung
245 (C1: 22.0-27.0) 847 (77.6-91.7) 14.5 (11.9-17.0) 69.4 (63.0-75.8) 46.1 (41.0-51.1) 39.9 (34.845.0) 121.1 (111.2-131.0)  287.1 (253.8-320.3) 89.2 (82.2-96.3)
11.7 (10.1-13.3) 15.5 (13.317.7) 1.2(0.8-1.7) 12.7 (10.4-14.9) 23.9 (20.8-27.0) 14.1 (11.2-16.9) 10.3 (8.7-11.8) 25.3 (20.7-29.8) 40.9 (37.244.7)

6.9 (6.0-7.9) 1.5(1.0-2.1)

= Q

Lymph Node Ovary Prostate Skeletal Muscle Testes Thyroid White Blood Cells
325.7 (300.4-350.9) 74.6 (66.9-824) 299 (27.4-324) 60.4 (55.0-65.8) 22.6 (20.5-24.8) 49.0 (44.9-53.1) 97.0 (88.9-105.1)
58.5 (53.3-63.7) 21.2(18.0-24.4) Not enough data  20.1 (17.6-22.5) 12.3 (10.8-13.8) 7.3 (5.9-8.8) 4.7 (3.46.0)

Can assemble XBP1 isoforms and quantify expression
+ Quick check: XBPTu > XBP1s in all tissues

Pervasive transcription of both XBP1u and XBP1sin 15
(167?) tissues
+ very high in some tissues, lower in others

UPR is a continuous process rather than a discreet event



Questions

Can current RNA-seq tools be used to
identify and quantify XBP1’s highly
similar isoforms?

Can XBP1’s translational pause point be
identified?




Ribosome Profiling

Sequence RNA

undergoing translation
+ ~35bp

In this work, data is
colorspace

Ingolia et al., Cell 2011




Map with Bowtle I«

Fizer SAM




main.g2 . bx.psu.edu/tra

Visualization »

Human XEP1 Translational Pause Point (Jeremy:xbpl




Everything can be Shared

main.g2.bx.psu.edu/root#

Analyze Data Workflow  Shared Data

Share or Publish History 'BodyMap Brain'

Making History Accessible via Link and Publishing It
This history is currently accessible via link.

Anyone can view and import this history by visiting the following URL:

https://main.g2.bx.psu.eduju/jeremy/h/bodymap-brain.

You can

Disable Access to History Link

Disables history's link so that it IS not accessible

Publish History

Publishes the history to Galaxy's Published Histories section, where it is

Sharing History with Specific Users

You have not shared this history with any users.

Share with a user

Back 1o Histories List

Visualization «

ted and searchable.

Using 383.5 Cb

60: Cuffmerge-Cuffdiff @ { 32
XBP1 Isoform Tracking

59; Cuffcompare-Cuffdiff @ § 38
XBP1 Isoform Tracking

58: Cuffdiffondata 12, @& ( 2
data 8, and others: transcript
FPKM tracking

57: Cuffdiffondata 12, @& (J 2
data 8, and others: transcript
differential expression testing

56: Cuffdiffondata 12, ® ( %
data 8, and others: gene FPKM
tracking

55: Cuffdiffondata 12, @& ( %
data 8, and others: gene
differential expression testing




& 00 Guany|AccessibleHistory  x

- <5 C ” 3 http main.g2.bx.psu.edu
~_ Galaxy flow Visualizat Admin  Help~  User [ Using 402.0 Gb |

Accessible History | BodyMap Brain &7 Import history About this History

' 1 ' M
Galaxy History ' BodyMap Brain Author

Dataset Annotation

1: ERRO30882 1 brainfastg

IHumina Hi=Seq, forward reads, S0b;

2. ERRO30882 2 brainfastq

umina Hi-Seq, reverse reads, S0bp

Rating

3: ERRO30890 brain.fastq single-end reads, 75 Community

4: UCSC hql9 refseq genes Yours

5: Tophat for lllumina on data 2, data 4, and data 1: insertions Tags

Community. none

6: Tophat for lllumina on data 2. data 4, and data 1: deletions

Yours

7: Tophat for llumina on data 2. data 4, and data 1: splice junctions

6|06 |06 0|6 6|6 6

§ BodyMap-Brain 50bp PE mapped reads

3.9Gd

format: bam, database: hgl9

info: TopHat v1.4.0

wphat ~-p 8 -r 110-a8-m0~i 20 g 40 -G

/galaxy/main_pool/pooi2 /files/003 /634 /dataser_3634785.dat --library-type fr-
unstranded --max-insertion-length 3 --max-deletion-length 3 --coverage-search

mingCoveNge-intron 20 ~-max~¢

Using RefSeq gene mode

display\at UCSC main

display at Ensembdl Current
display with ICV web cyrrent 10¢a
display in IGB Local

Iy bam align=eats file

9 Tophat for llumina on data 4 and data 3. insertions

10: Tophat for Hlumina on data 4 and data 3: deletions

11: Tophat for lllumina on data 4 and data 3: splice junctions

12; BodyMap-Brain 75bp SE mapped reads Using RefSeq gene mode

2.3 Gb




Exact Reproduction Possible

& 00 Gyl AccessibleHistory %
- - C “ A http main.g2.bx.psu.edu

Accessible History | BodyMap Brain &7 Import history About this History

Galaxy History ' BodyMap Bra il L e e s

main.g2.bx.psu.edu

Dataset

1: ERRO30882 1 brainfastg

2. ERRO30882 2 brainfasta
3: ERRO30890 brain.fastq

4: UCSC hql9 refseq genes

pooll /fites /003 /775 /dataser_3775065.dat
5: Tophat for lllumina on data 2.¢

6: Tophat for lllumina on d 2.8 vR?p\»Se;T"\S'.Q' -:7 . 1: ERRO30

(]

Input Parameter Value

7: Tophat for lllumina on data 2. ¢

£ BodyMap-Brain 50bp PE mAappE mean nnesd

3.9Cb Cong al (pPar

format: bam, database: hgl9 ary Type

info: TopHat v1.4.0 Std. Dev for Distance between Mate Pairs

wphat ~p 0 ~a 8 -agP-| 20| Anchor length (at least 3)

/galaxy/main_poo /o L’.‘Hé‘S“DO! Maximum ny rin anchor region of spliced alignment
unstranded --mg¥insertion-lengt "¢ Minit

. The max
mingCoveNge-intron 20 ~~max={

splay\atUCSC main
splay at Enser Current
splay with IGV web cyurrent local

Maximum nu of alignments to be allow
Minimum intron length that may be found
Maximum intro

Number o

9 Tophat for lluminaon data 4 a

3| Ger 919 refseq genes

10: Tophat for Hlumina on data 4 :“D

nd

11: Tophat for lllumina on data

Minimu ength that may be found during cc
12; BodyMap-Brain 75bp SE mapped reads

2.3 Gb




Using 3835 Cb

& Import visualization About this Vissalization

Accessible Visualization | BodyMap Transcript Assemblies for Multiple Tissues

29,189,779 - 29,196,670 z
—r X 29,196 000 Author

jerenmy

Related items




Y Galaxy | Published Histories

| < | {1 4 89 http://main.g2,bx.psu.edu/history/list_published

Workflow  Shared Data  Visualization Help  User

search

Community Community
Annotation Rating 1 Tags

metagenomics

GCalaxy vs MECAN Comparison of Galaxy vs. MEGAN pipeline AANTRARN megan

galaxy

metagenomics
- . Mar 19
ANAVSIS galaxy

Datasets correspond 1o our paper published in Science by
Peleg et al. entitied : Altered histone acetylation is
assockated with age-dependent memory impalrment
Experiment layout: This history comains 4 datasets in the
form of BED files of uniquely mapped reads duced after
chip-seq histone mo lons H4K12ac and H3K9ac in
mouse hippocampus of 3 months (young) and 16 months
old) mice after fear conditioning. For detailed information

se refer to supplementary materials and methods of the
respective work by peleg et al

fischeriab

snp

Variant Anabysis Perform a pileup analysis with default parameters to identify PR oowtie » minutes ago
R goeck 4 utes ago
for Sample E18 variants in sample E18 9 demo 3

sample

22

ongest

get longest exon henri

Marc
numan

WOrkshop

6, 2010

Open “hete / /main g2 b psu.edus history/list_published?son=ratingh!-tags =All" in 2 new 1ab




The Power of Galaxy Publishing

Galaxy's publishing features facilitate access and
reproducibility without any extra leg work

One click grants access to the actual analysis you

performed to generate your original results

+ not just data access, the full pipeline + annotations
+ anyone can import your work and immediately
reproduce or build on it




Three Ways to Use Galaxy

1. Public Website (http://usegalaxy.org)

2. Download and run locally

3. Run on the cloud




Galaxy main site
(http://usegalaxy.org)

Public Website, anybody can use

~500 new users per month, ~100 TB of user data,
~130,000 analysis jobs per month, every month is
our busiest month ever...

Will continue to be maintained and enhanced, but
with limits and quotas

Centralized solution cannot scale to meet data
analysis demands




Galaxy on the Cloud

For extended or particular resource needs

+ customization necessary
+ oscillating data volume

For when informatics expertise or
infrastructure is limited




€ > C

Tools Options

Get Data

Send Data

ENCODE Tools
Lift-Over

Text Manipulation
Filter and Sort

Join, Subtract and Group
Convert Formats
Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores
Operate on Genomic Intervals
Statistics

Wavelet Analysis
Graph/Display Data
Regional Variation
Multiple regression
Multivariate Analysis
Evolution
Metagenomic analyses
FASTA manipulation

NGS: QC and manipulation
NGS: Assembl

NGS: Mapping

NGS: Indel Analysis

NGS: Expression Analysis

NGS: SAM Tools

NGS: Peak Calling

Human Genome Variation

EMBOSS

ec2-50-17-119-106.compute-1.amazonaws.com/root

Analyze Data  Workflow  Shared Data  Visualization Help  User

Welcome to Galaxy on the Cloud

History Options «

-

€D Your history is empty. Click 'Get
Data’ on the left pane 1o start
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Thanks! Questions?

http://galaxyproject.org

=~ Galaxy

Data intensive biology for everyone.

Learn Galaxy Get Involved

Mailing lists, Tool Shed, wiki

Galaxy publications: http://galaxyproject.org/wiki/Citing
Galaxy is hiring! http://galaxyproject.org/wiki/GalaxyisHiring

jeremy.goecks@emory.edu



