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Enabling reproducible research with Galaxy

Galaxy Team + Anton Nekrutenko
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Discovery of human heteroplasmic sites

enabled by an accessible interface to 

cloudcomputing infrastructure

Galaxy Team + Anton Nekrutenko
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I want you to remember

exactly four (4) things:

http://usegalaxy.org

http://usegalaxy.org/galaxy101

http://usegalaxy.org/cloud

http://getgalaxy.org
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Setup: I will have three windows open

• This presentation

• A brower pointing to http://usegalaxy.org

• A browser pointing to a cloud instance
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The human mitochondrial genome
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Mitochondrial heteroplasmy

• Typical human cells have ~100s of mitochondria, each 

with ~10s of copies of the mitochondrial genome

• Heteroplasmy refers to variation among the 

mitochondrial genomes within a cell or individual
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Heteroplasmy and disease

• Mitochondrial mutations are implicated in hundreds of 

diseases, including common metabolic and neurological 

disorders

• Many disease causing variants are heteroplasmic, and 

clinical manifestation depends on levels

• “Threshold effect”
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a b

c d

(Taylor RW and Turnbull, Nature Reviews genetics, 2005)

Brown = Cytochrome c oxidase  positive, Blue = COX negative

c da b

c d

Homoplasmic tRNA mutation

(hypertrophic cardiomyopathy)
Heteroplasmic tRNA mutation

(skeletal muscle)

Expanding somatic mutation

(extraocular muscle)
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mtDNA bottleneck during oogenesis

Fertilization

Primordial germ
cell containing
mutant mtDNA 

Primary oocytes

Oocyte maturation
and mtDNA amplification

Mature oocytes 

Low level of mutation 
(unaffected offspring)

Intermediate level 
of mutation 
(mildly affected 
offspring)

High level of mutation 
(affected offspring)

Mutant mitochondrion

Normal mitochondrion

Nucleus

(Taylor RW and Turnbull, Nature Reviews genetics, 2005)
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Mitochondrial genome

• Multiple genome copies per mitochondria, multiple 

mitochondria per cell

• Variation exists between genome copies in a cell or 

individual heteroplasmy

• Levels of heteroplasmy can change by sampling in cell 

division

• Bottleneck in oogenesis can greatly increase these 

changes in the germline
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Measuring frequencies and transmissions of 

heteroplasmy with deep resequencing

Wednesday, January 12, 2011



Goals of this study

• Be able to reliably identify heteroplasmic sites that occur 

at very low frequencies << 10%

• Be able to distinguish somatic mutations from germline 

mutations
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Pilot study: Nine individuals from three families

Pair 1 Pair 2 Pair 3
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Strategy

• For each individual, samples taken from two tissues 

cheek and blood

• mtDNA selectively PCR amplified: two independent 

amplifications for each individual / tissue pair

• Highthroughput sequencing using the Illumina 

platform
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Pilot study: Nine individuals from three families

Pair 1 Pair 2 Pair 3

28 Illumina datasets, some multiplexed, 50 or 76bp reads, Performed by Sequensys 
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Producing the sequence was easy enough...

 Now what?
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As science becomes increasingly dependent on computation:

• How can methods best be made accessible to scientists?

• How to facilitate transparent communication of analyses?

• How best to ensure that analyses are reproducible?
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A crisis in genomics research: 

reproducibility
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Key Reproducibility Problems

• Datasets: not all available, difficult to access

• Tools: inaccessible, hard to record details

• Publication: results, data, methods separate
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Microarray Experiment Reproducibility

• 18  Nat. Genetics microarray gene expression 

experiments 

• Less than 50% reproducible

• Problems

• missing data 38%

• missing software, hardware details 50% 

• missing method, processing details 66%

Ioannidis, J.P.A. et al. Repeatability of published microarray gene expression analyses. Nat Genet 41, 

149-155 (2009)
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NGS Resequencing Experiment Reproducibility

• 14 resequencing experiments in Nat. Genetics, Nature, 

and Science 2010

• 0% reproducible?

• Problems

• limited access to primary data 50% 

• some or all tools unavailable 50%

• settings & versions not provided 100%
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Galaxy: accessible analysis system
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Integrating existing tools into a uniform framework

• Defined in terms of an abstract 

interface inputs and outputs 

• In practice, mostly command 

line tools, a declarative XML 

description of the interface, 

how to generate a command 

line

• Designed to be as easy as possible 

for tool authors, while still 

allowing rigorous reasoning
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Galaxy analysis interface

• Consistent tool user interfaces 

automatically generated

• History system facilitates and 

tracks multistep analyses

• Exact parameters of a step can 

always be inspected, and easily 

rerun
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Automatically tracks every step of every analysis
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As well as user-generated metadata and annotation...
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Galaxy workflow system 

• Workflows can be constructed 

from scratch or extracted from 

existing analysis histories

• Facilitate reuse, as well as 

providing precise reproducibility 

of a complex analysis
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Sharing and publishing

• All analysis components 

datasets, histories, workflows 

can be shared among Galaxy 

users and published

• Pages and annotation allow 

analaysis to be augmented with 

textual content and provided in 

the form of an integrated 

document
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Sharing and publishing

• All analysis components 

datasets, histories, workflows 

can be shared among Galaxy 

users and published

• Pages and annotation allow 

analaysis to be augmented with 

textual content and provided in 

the form of an integrated 

document
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Could use the Galaxy web site for this data...

However, we would be sharing compute availability and bandwidth with 

other users, and need to upload our potential private data
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Could use a local Galaxy instance...

• Galaxy is designed for local installation and 

customization

• Easily integrate new tools

• Easy to deploy and manage on nearly any unix 

system

• Run jobs on existing compute clusters

• But, requires an existing computational resource on 

which to be deployed
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Welcome to Galaxy on the Cloud(s)

http://usegalaxy.org/cloud

Wednesday, January 12, 2011

http://usegalaxy.org/gcloud
http://usegalaxy.org/gcloud


Cloud computing

• Computing using resources acquired on demand

• Spectrum from infrastructure as a service virtual 

machines, e.g. Amazon EC2 to software as a service e.g. 

Google docs

• Goal for Galaxy: deliver the provider independence of an 

IaaS based solution, while approaching the ease of use 

of a SaaS based solution
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Using Amazon EC2: Startup in 3 steps
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Analysis defined as a Galaxy workflow...

created by example, and extracted for reuse across individuals
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After running first set of workflows, many jobs waiting to run 

but cluster is completely utilized...
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Persistence

• Once analysis is complete, can scale down worker nodes 

or shutdown the entire analysis interface

• Data, configuration, et cetera is stored, and you can start 

the cluster back up to continue analysis at any time

• Pay for just what you need
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So, what is that workflow 

actually doing?
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Determining a good criteria for identifying 

heteroplasmic sites
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1. Using PCR Replicates

• Errors in initial PCR sequencing could appear as very low 

frequency heteroplasmic sites

• Experimental design specifically allows addressing errors 

in PCR amplification prior to sequencing

• Comparisons between PCR replicates sample by 

sample determined the maximum observed variation 

was less than 1%

• Thus, at a detection threshold of 1% or greater, no 

variation between PCR duplicates
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2. Using simulations

• The smallest dataset consiss of ~502,028 reads, with a 

median coverage of 1,170x

• Using this coverage, simulared datasets with different 

minor allele frequencies 0.001, 0.01, 0.05, 0.1, and 

sequencing error rates 0.001, 0.01, 0.02, 0.05

• With a minor allele frequency of 0.01, and an error rate of 

0.001, false positive and false negative rates were 0. 
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3. Strand bias filtering

• Illumina sequencing has specific biases, tends toward 

some specific misidentifications e.g. A to C. 

• Real variants should not show any bias in reads from one 

strand vs. the other

• Filtering for variants seen in reads aligning to both 

strands should eliminate these problems Li et al, AJHG, 

2010.
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4. Sequencing a clonal specimen

• Sequence a DNA molecule which should have no 

variation at all, all observed variation will be technical 

error

• Sequenced plasmid pUC18 to median 1,157,250x with 

minimum site coverage of 19,382x

• All positions contained at least 2 variant reads, but only 

one over the simulation threshold of 0.01

• At this one site, this level of variation was not supported 

on both strands
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Heteroplasmy detection workflow

• Map reads to hg19 genome using BWA Li and Durbin, 

2009, and remove nonmt matches

• Pool PCR replicates no power was gained by treating 

them separately

• Split reads by strand

• Identify sites with variation for a given base greater than 

the detection threshold of 0.02 on both strands twice 

our estimated detection level to be conservative
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~1 hour and ~$20 later... results!
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Heteroplasmies in the three families

• Of 75 sites showing variation between at least one 

individual and the reference, 6 show evidence of 

heteroplasmy 

• Two sites in low complexity regions excluded
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Some conclusions...

• Heteroplasmy is relatively infrequent, even with the 

ability to detect low frequency variation

• Heteroplasmy frequencies change through transmission 

events: e.g. for heteroplasmic site, allele frequencies 

were significantly different for all but one transmission
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Do you trust me?

You shouldn’t have to...

http://usegalaxy.org/heteroplasmy
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Forward...

• Heteroplasmy

• We can accurately identify heteroplasmy at low frequencies

• Deeper sequencing, indels, linkage

• Many more individuals, low incidence means we need to 

observe many more transmissions to estimate bottlenecks

• Galaxy

• Long term archival and migration of analysis artifacts:

• Cloud: autoscaling, more parallelism, instance migration
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I want you to remember

exactly four (4) things:

http://usegalaxy.org

http://usegalaxy.org/galaxy101

http://usegalaxy.org/cloud

http://getgalaxy.org
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http://usegalaxy.org/

end
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Erroneous Heteroplasmy at low complexity regions

• Site 16,190:

• Appears to show A/C 

variation

• However, this is almost 

certainly alignment 

error

• Requiring 10 high 

quality aligning bases 

on either side reveals a 

fixed C deletion flanked 

by a fixed A substitution
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ARTICLE

Detecting Heteroplasmy from High-Throughput Sequencing
of Complete Human Mitochondrial DNA Genomes

Mingkun Li,1,* Anna Schönberg,1 Michael Schaefer,1 Roland Schroeder,1 Ivane Nasidze,1

and Mark Stoneking1,*

Heteroplasmy, the existence of multiple mtDNA types within an individual, has been previously detected by using mostly indirect

methods and focusing largely on just the hypervariable segments of the control region. Next-generation sequencing technologies should

enable studies of heteroplasmy across the entire mtDNA genome at much higher resolution, becausemany independent reads are gener-

ated for each position. However, the higher error rate associated with these technologies must be taken into consideration to avoid false

detection of heteroplasmy. We used simulations and phiX174 sequence data to design criteria for accurate detection of heteroplasmy

with the Illumina Genome Analyzer platform, and we used artificial mixtures and replicate data to test and refine the criteria. We

then applied these criteria to mtDNA sequence reads for 131 individuals from five Eurasian populations that had been generated via

a parallel tagged approach. We identified 37 heteroplasmies at 10% frequency or higher at 34 sites in 32 individuals. The mutational

spectrum does not differ between heteroplasmic mutations and polymorphisms in the same individuals, but the relative mutation

rate at heteroplasmicmutations is significantly higher than that estimated for all mutable sites in the humanmtDNA genome.Moreover,

there is also a significant excess of nonsynonymous mutations observed among heteroplasmies, compared to polymorphism data from

the same individuals. Both mutation-drift and negative selection influence the fate of heteroplasmies to determine the polymorphism

spectrum in humans. With appropriate criteria for avoiding false positives due to sequencing errors, next-generation technologies can

provide novel insights into genome-wide aspects of mtDNA heteroplasmy.

Introduction

The mtDNA genome remains one of the most widely

studied DNA segments in humans. It is particularly useful

for studying population and evolutionary genetics because

of its abundance in human cells, its uniparental, nonre-

combining mode of inheritance, and its high mutation

rate compared to that of the nuclear genome.1 Although

each individual is typically characterized by a single

mtDNA type, in fact each individual is a population of

mtDNA genomes, and the presence of multiple mtDNA

types within an individual is termed heteroplasmy.

Although little noted at the time, the first report of het-

eroplasmy in humans was in 1983, involving a study of

a noncoding region of human mtDNA from 11 human

placentas.2 Heteroplasmy has been investigated most

often in correlation with mitochondrial disease, aging,

and cancer.3–6 To date, more than 400 mtDNA mutations

have been associated with human disease, and most were

observed in heteroplasmic states, with pathogenic muta-

tions coexisting with normal mitochondrial genomes.7

This suggests that the heteroplasmic level is of particular

interest, as the disease phenotype becomes evident only

when the percentage ofmutantmolecules exceeds a critical

threshold value. Although this value differs for different

mutations and in different tissues, it is usually in the range

of 70%~90%.8,9

Originally, heteroplasmy was believed to be quite rare in

healthy individuals,10,11 but subsequent studies found

many non-disease-related heteroplasmies.12–15 Moreover,

heteroplasmy has started to play an important role in

some forensic investigations.16,17 Thus, heteroplasmy can

also be a useful genetic marker. Regarding heteroplasmy

as the intermediate stage between the generation of muta-

tions and the fixation of mutations in the individual or

cell, it represents polymorphisms within the populations

of mitochondrial genomes in one cell or tissue. Thus, it

can be a potential resource for studying the mutational

pattern, possible role of natural selection, and even

the existence of recombination in mtDNA.18 For example,

de novo mtDNA mutations in cancer tissues preferen-

tially locate at the same positions as ancient variants in

the human phylogeny, indicating similar selective con-

straints.19 Understanding the basis, extent, and forces

influencing the occurrence and subsequent fate of hetero-

plasmic mtDNA mutations is one of the principal chal-

lenges facing scientists and clinicians in the field of mito-

chondrial genetics.

A variety of techniques have been employed for hetero-

plasmy detection, including Sanger capillary sequencing,13

high-performance liquid chromatography (HPLC),20

pyrosequencing,21,22 SnaPshot,23 high-resolution melt

(HRM) profiling,24 a temporal temperature gradient gel

electrophoresis (TTGE) strategy,25 the Invader assay,26 an

amplification refractory mutation system,27 and surveyor

nuclease.28 However, all of these methods have disadvan-

tages, including the following: for some methods, the

candidate heteroplasmic position needs to be defined first;

themethodmay not allow determination of the actual het-

eroplasmic position; the level of heteroplasmy cannot be

1Department of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology, D04103 Leipzig, Germany

*Correspondence: mingkun_li@eva.mpg.de (M.L.), stoneking@eva.mpg.de (M.S.)

DOI 10.1016/j.ajhg.2010.07.014. !2010 by The American Society of Human Genetics. All rights reserved.

The American Journal of Human Genetics 87, 237–249, August 13, 2010 237

LETTERS

Heteroplasmic mitochondrial DNA mutations in
normal and tumour cells
Yiping He1, Jian Wu1, Devin C. Dressman1, Christine Iacobuzio-Donahue2, Sanford D. Markowitz3,

Victor E. Velculescu1, Luis A. Diaz Jr1, Kenneth W. Kinzler1, Bert Vogelstein1 & Nickolas Papadopoulos1

The presence of hundreds of copies of mitochondrial DNA
(mtDNA) in each human cell poses a challenge for the complete
characterization of mtDNA genomes by conventional sequencing
technologies1. Here we describe digital sequencing of mtDNA
genomes with the use of massively parallel sequencing-by-
synthesis approaches. Although the mtDNA of human cells is con-
sidered to be homogeneous, we found widespread heterogeneity
(heteroplasmy) in the mtDNA of normal human cells. Moreover,
the frequency of heteroplasmic variants varied considerably
between different tissues in the same individual. In addition to
the variants identified in normal tissues, cancer cells harboured
further homoplasmic and heteroplasmicmutations that could also
be detected in patient plasma. These studies provide insights into
the nature and variability of mtDNA sequences and have implica-
tions for mitochondrial processes during embryogenesis, cancer
biomarker development and forensic analysis. In particular, they
demonstrate that individual humans are characterized by a com-
plex mixture of related mitochondrial genotypes rather than a
single genotype.

Mitochondria are crucial in many basic cellular processes, and as a
result of its unique maternal inheritance pattern and relatively high
mutation rate, mtDNA is often used in studies of evolutionary biology
and population genetics. These same attributes, combined with the
high copy number of mtDNA in cells, makes mtDNA a favoured sub-
strate for forensic analysis2. In typical human cells, there are between 50
andhundredsofmitochondria per cell and five to ten copies ofmtDNA
per mitochondrion1. The presence of multiple copies of mtDNA per
cell leaves open the possibility that all the copies are not identical.Many
studies have shown that mtDNA is homoplasmic in normal cells; that
is, all of the mtDNA copies are identical not only in an individual cell
but also among cells.However, there is apparently a low level of hetero-
plasmy in the mtDNA of various species, including humans3–14. To
evaluate this issue further, we have used massively parallel sequen-
cing-by-synthesis approaches to thoroughly characterize the mtDNA
of normal and neoplastic human cells.

Two sets of PCR primers, each resulting in amplicons of about 650
base pairs (bp) in length, were designed to cover the mtDNA genome
(Fig. 1a). Sequencing libraries for Illumina GAII made from the PCR
products of normal colonicmucosaDNA(patient 1) yielded8.5million
tags that matched the mitochondrial genome. Each mtDNA base was
sequenced, on average, 16,700 times and fewer than 11 bases (0.07% of
the 16,569 bp in the mtDNA genome) were represented fewer than
1,000 times (Supplementary Fig. 1a).

This high coverage permitted us to identify heteroplasmic variants
evenwhen they were relatively rare—theoretically, when present in as
few as 1 per 10,000mitochondrial genomes. However, errors that had

accumulated during the PCR and sequencing steps limited the
sensitivity achieved. Control libraries made from PCR products of
nuclear DNAdemonstrated that the average proportion ofmutations
per base was 0.058%, with a standard deviation of 0.057%, and no
base was mutated at greater than 0.82% frequency (Supplementary
Information). We therefore made the very conservative assump-
tion that all variants present in excess of twice this value (1.6%) repre-
sented true heteroplasmies rather than sequencing artefacts. Using
these criteria, we detected 28 homoplasmic alleles and 8 heterop-
lasmic alleles in this sample of normal colonic mucosa (patient 1).
Homoplasmic alleles were defined as any allele not present in the
standard mtDNA reference sequence of humans but present in more
than 98.4% (that is, 100%2 1.6%) of themtDNA sequences analysed.
All homoplasmic alleles identified in patient 1 had previously been
identified in normal individuals. The less frequent (minor) alleles at
the heteroplasmic sites represented 1.6–29.7% of the total alleles at
that site (Table 1). All (100%) of these eight heteroplasmic alleles were
listed as normal variants in mtDNA databases, whereas only 3,601

1The Ludwig Center for Cancer Genetics and Therapeutics and The Howard Hughes Medical Institute at The Johns Hopkins Kimmel Cancer Center, Baltimore, Maryland 21231, USA.
2Department of Pathology, Johns Hopkins Medical Institutions, Baltimore, Maryland 21231, USA. 3Departments of Medicine, and Ireland Cancer Center, at Case Western Reserve

University and Case Medical Center of University Hospitals of Cleveland, and The Howard Hughes Medical Institute, Cleveland, Ohio 44106, USA.
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Figure 1 | Sequencing strategy. a, PCR amplification for mtDNA
enrichment. b, Capture-based method for mtDNA enrichment.
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Comparisons with other studies

• He et al Nature 2010: Using a 1.6% detection threshold 

from PCR replicates, identified 40 heteroplasmies in 10 

individuals, concluding heteroplasmy is far more 

frequent than expected

• Li et al AJHG 2010: Using a 10% detection threshold 

and strand filtering, simulation, ... identified 37 

heteroplasmies in 131 individuals, significantly less than 

He et al.

• If we consider one individual from each family, to 

avoid relatedness, our results support this p=0.44
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• He et al. call two 

heteroplasmic sites 

in this low

complexity region

• No reads from their 

data span the region

• Almost certainly 

misalignment of a 

single fixed variant
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• You have written a command-line script to analyze genomic 

data and you want to share it with command-line averse 

colleagues

Develop: Tools

The developer's dilemma
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• Integrate the script as a new Tool into your own Galaxy server

• Steps:

• Obtain and install Galaxy source code (GetGalaxy.org)

• Write an XML file describing the inputs and outputs and how 

to execute the script

The Galaxy solution

Develop: Tools
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Develop: Tools
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Develop: Tools
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}
Template for generating command 

line from parameter values

Develop: Tools
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Develop: Tools
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Lab: Sequencing Request Tracking
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• Galaxy is designed for local installation and customization

• Easily integrate new tools

• Easy to deploy and manage on nearly any Unixlike 

system

Run Galaxy at your site

Lab: Local Resources
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• Move intensive processing (tool execution) to other 

hosts

• Frees up the application server to serve requests and 

manage jobs

• Utilize existing resources

• Supports any scheduler that supports DRMAA (most 

of them)

• It's easy

• But, requires an existing computational resource on 

which to be deployed

Lab: Local Resources

Scale up on your cluster
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