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The Data Deluge 

~$5,000 
in 2001 

~10¢ 
in 2011 
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Challenge 1 

Large number of samples for comparison 

“To systematically characterize the genomic changes in hundreds of 
tumors…and thousands of samples over the next five years” 
 

The Cancer Genome Atlas 
www.cancergenome.nih.gov 



Genome Browsers 
Stacked data tracks along a common genome x-axis 

Genome 
coordinate 

Data 
samples 
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Zhu et al., Nature Methods, 2009 

Heatmap provides a more condensed view 



Challenge 1 

Consider what information is needed 
 
e.g. replace with biologically meaningful summary, 
such as significant change between samples  

Large number of samples for comparison 
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Example:  
Summary view (column averages) 



Challenge 2 

Large number of data types 
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Figure 2. Rearrangement Screens in Three Cancer Cell Lines Showing Evidence for Chromothripsis
Copy number profiles derive from SNP6 microarray data and are shown as the upper panel of points for each cell line. Allelic ratios for each SNP are shown in

the lower panel of dots: homozygous SNPs cluster at allelic ratios near 0 or 1, heterozygous SNPs cluster around 0.5. Intrachromosomal rearrangements of all

four possible orientations are shown, with deletion-type events as blue lines, tandem duplication-type in red, tail-to-tail inverted rearrangements in green and

head-to-head inverted rearrangements in yellow.

(A) SNU-C1, a cell line from a colorectal cancer, carries 239 rearrangements involving chromosome 15.

(B) 8505C, a thyroid cancer cell line, has 77 rearrangements involving chromosome 9p.

(C) TK10, a renal cancer cell line, has 55 rearrangements involving chromosome 5.

Cell 144, 27–40, January 7, 2011 ª2011 Elsevier Inc. 31

Stephens et al., Cell, 2011 

Genomic rearrangements in cancer 
(complex representation) 



Keane et al., Nature, 2011 

SNPs, 8.8M unique indels and 0.28M structural variants including
0.07M transposable element insertion sites (Table 1).
The sensitivity and specificity of our variant calls were established

using 17.5 million bases (Mb) of DNA from one non-reference strain
(NOD/ShiLtJ) that we generated with established sequencing techno-
logy. We sequenced 107 bacterial artificial chromosomes (BACs)26

spread over loci on chromosomes 1, 6, 11 and 17. The sequence has
an estimated accuracy of one error per 100,000 base pairs (bp). We
aligned 16.2Mb of the BAC sequence to the MGSCv37 mouse
reference and from that estimated that 3.6% of our next-generation-
derived NOD/ShiLtJ SNP calls were false positives, and 6.5% were
false negatives. We compared our genotype calls to those in public
databases and found over 99.4% and 99.1% agreement with the two
largest SNP data sets (Perlegen9 and dbSNP27). However, we also
found that these data sets have large false-negative rates of 83.7%
and 84.1%, respectively.
We identified far fewer indels (1–100 bp) than SNPs andwith lower

confidence (Table 1). We relied for validation on comparison with
the NOD/ShiLtJ BAC sequences and estimated false-positive and
-negative rates to be 2.2% and 20.1%, respectively. Collectively, we
estimate an average of 2.61 sequence errors per 10 kilobases (kb) of
accessible sequence, an accuracy of 99.97% in NOD/ShiLtJ, which
should extend to the other sequenced strains.

We used the NOD/ShiLtJ BAC sequence to estimate how many
variants are contained within inaccessible regions. We found that the
BAC sequence in inaccessible regions has approximately 2.8 times
more SNPs per base than the rest of the BAC sequence. Sequence
reads could not be unambiguously mapped to these regions, resulting
in missed variant calls. An analysis of the content of the inaccessible
sequence is provided in Supplementary Table 1. Our analysis of the
NOD/ShiLtJ BAC sequence implies that at least 30% of all SNPs in the
genomes of the strains we sequenced remain to be discovered. The
majority of these SNPs are located in intergenic regions of the genome.
In addition to homozygous SNP positions we also called 5.2M hetero-
zygous positions. These result from misalignments around indels and
structural variant breakpoints, duplicated loci and lowdepth positions.
We called 0.71M structural variants .100 bp (0.41M simple dele-

tions, 0.29M simple insertions, 2,100 inversions, 1,556 copy number
gains and 3,658 complex structural variants) (Table 1 and Fig. 1) at
0.28Mpositions, as described inour accompanying paper28.Onaverage
48.4Mb of sequence of each strain falls into structurally variant regions
of the genome (33Mb for the laboratory strains and 98.2Mb for wild-
derived strains). Structural variants cluster with SNPs in each strain
(Supplementary Fig. 1–17), indicating that the vast majority of these
events may be ancestral in origin. This may also reflect high rates of
polymorphism consequent to break-induced replication involved in
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Figure 1 | An overview of variants called from 17mouse genomes relative to
the reference. a, The four wild-derived strains (CAST/EiJ,WSB/EiJ, PWK/PhJ
and SPRET/EiJ) are representative of theMus musculus castaneus, Mus
musculusmusculus,Musmusculus domesticus andMus spretus taxa and include
the progenitors from which the classical laboratory strains were derived. These
genomes are shown in a circle with tracks indicating the relative density of
SNPs, structural variants (SVs) and uncallable regions (binned into 10-Mb
regions). Transposable element (TE) insertions, which are a subset of the

structural variant calls, are shown as a separate track. Corresponding tracks are
shown for each of the 13 classical laboratory strains to the right of the circle.
Links crossing the circle indicate regions on the reference where the wild-
derived strain is closest to the reference (375-kb bins). b, The numbers inside
the Venn diagrams indicate the number of SNPs, indels, structural variant
deletions and transposable element insertions in the wild-derived and classical
laboratory strains. The numbers beneath each Venn diagram indicate totals for
each type of variant in the wild and classical laboratory strains.
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17 mouse genomes (more compact representation) 

Still difficult to represent many data types  
in a general tool 



Challenge 2 

Compact, customized data encoding  

Large number of data types 



inversion event in a human lymphoma genome

reference human genome(a)

(b)

(c)

inversion event in a human lymphoma genome

reference human genome(a)

(b)

(c) Nielsen et al.  
Best Paper Award at InfoVis 2009 

ABySS-Explorer 
 
Represents sequence  
-  connectivity 
-  strand  
-  length 
-  mapping on reference 

Interactively access 
-  sequence coverage 
-  scaffolding 
 



Challenge 3 

Genomic features are sparse 



Genome Browsers 
LOCAL VIEW 

Human chr1, 1 pt corresponds to 480 kb, which is larger than 98% of all human genes!  

- Martin Krzywinski  



Fig. 11). The increased number of states can identify finer variations that
are biologically significant, for example, a signature corresponding to
transcriptional elongation in heterochromatic regions16.

Chromatin state variation among genes
Active genes generally display enrichments or depletions of individual
marks at specific gene segments (Fig. 3a). When classified according
to their chromatin signatures (Supplementary Fig. 12), active genes
fall into subclasses correlated with expression magnitude (Sup-
plementary Information, section 2), gene structure and genomic

context (for example, heterochromatic genes combine H3K9me2/
me3 with some active marks)16. Of particular interest is one class of
long expressed genes, many with regulatory functions, which are
enriched for H3K36me1 (cluster 2, Supplementary Fig. 12; 131 genes
in S2, 202 in BG3; Supplementary Table 2).
To examine further the patterns associated with long genes, we

clustered expressed autosomal genes$4 kb based on blocks of enrich-
ment for each chromatin mark (Fig. 3b; 1,055 genes). We observe that
genes with large 59-end introns (green subtree, Fig. 3b; 552 genes)
show extensive H3K27ac and H3K18ac enrichment, broader H3K9ac
domains, and blocks of H3K36me1 enrichment (chromatin state 3,
Fig. 3b, last column). These genes are enriched for developmental and
regulatory functions (Supplementary Table 3), and are positioned
within domains of Nipped-B21 (Fig. 3b), a cohesin-complex loading
protein previously associated with transcriptionally active regions21,22.
In contrast, genes with more uniformly distributed coding regions
(red subtree, Fig. 3b) lackmost state 3marks, andH3K9ac enrichment
is restricted to the 2 kb downstream of the TSS. These differences are
not explained by variation in histone density (Supplementary Fig. 13).
Overall, the presence or absence of state 3 is the most common dif-
ference in the chromatin composition of expressed genes that are 1 kb
and longer (Supplementary Fig. 14), and the presence of state 3 con-
sistently correlates with a reduced fraction of coding sequence in the
gene body, mainly associated with the presence of a long first intron.
State3domainsarehighly enriched for specific chromatin remodelling

factors (SPT16 (also knownasDRE4) anddMI-2; Supplementary Figs 15
and 16), whereas state 1 regions around active TSSs are preferentially
bound byNURF301 (also called E(bx)) andMRG15. ISWI is enriched in
both states 1 and 3 (Supplementary Figs 16 and 17). State 3 domains also
exhibit the highest levels of nucleosome turnover23, and show higher
enrichment of the transcription-associated H3.3 histone variant24 than
either the TSS- or elongation-associated states 1 and 2 (Supplementary
Figs 15 and 16). Consistent with earlier analyses of cohesin-bound
regions25, state 3 sequences tend to replicate early in G1 phase, and show
abundance of early replicating origins (Supplementary Fig. 18). A regu-
latory role for state 3 domains is suggested by enrichment for a known
enhancer binding protein (dCBP/p30026) in adult flies, and for enhancers
validated in transgene constructs27 (Supplementary Fig. 19).

Modes of regulation in Polycomb domains
In Drosophila, loci repressed by Polycomb group (PcG) proteins are
embedded in broad H3K27me3 domains that are regulated by
Polycomb response elements (PREs) bound by E(Z), PSC and dRING
(Fig. 1d)28,29. We find that regions of H3K4me1 enrichment surround all
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Figure 2 | Visualization of spatial scales and organization using compact
folding. a, The chromosome is folded using a geometric pattern (Hilbert space-
filling curve) that maintains spatial proximity of nearby regions. An illustration
of the first four folding steps is shown. Note that although this compact curve is
optimal for preserving proximity relationships, some distal sites appear adjacent
along the fold axis (green dots). b, Chromosome 3L in S2 cells. A domain of a
given chromatin state appears as a patch of uniform colour of corresponding
size. Thin black lines are used to separate regions that are distant on the
chromosome. The folded view illustrates chromatin organization features that
are not easily discerned from a linear view: active TSSs (state 1) appear as small
specks surrounded by elongation state 2, commonly next to larger regions
marked by H3K36me1-driven state 4, which also contains patches of intron-
associated state 3. These open chromatin regions are separated by extensive
domains of state 9. See Supplementary Figs 6 and 7 for other chromosomes and
BG3data. The folded views can be browsed alongside the linear annotations and
other relevant data online: http://compbio.med.harvard.edu/flychromatin.
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Figure 3 | Chromatin patterns associated with transcriptionally active
genes. a, Location and extent of chromatin features relative to boundaries of
expressed genes ($1 kb) in BG3 cells. The colour intensity indicates the relative
frequency of enrichment/depletion (red/blue) of a given mark within the gene
(normalized independently for each mark). b, Regions enriched for ‘active’
chromatinmarks in long transcribed genes.Theplot shows the extentof regions
enriched for various active marks at transcriptionally active genes ($4 kb) on

BG3 autosomes. Each row represents a scaled gene. The first column illustrates
coding exons; the last column shows chromatin state annotation. The clustering
of the genes according to the spatial patterns of chromatin marks separates
genes with a high fraction of coding sequence (red subtree, bottom) from genes
containing long introns (green subtrees, top), which are associated with
chromatin state 3 (last column) and binding of specific chromosomal proteins,
such as Nipped-B21 (also see Supplementary Fig. 13).
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Hilbert Curve 
GLOBAL VIEW 

Kharchenko et al., Nature, 2011 
Anders, Bioinformatics, 2009 



Challenge 3 

Genomic features are sparse 

Need both overview and detail 
Functional axis (perhaps not full genome) 
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Spark – a genomic data exploration tool 

Nielsen et al. in preparation 



Challenge 4 

No longer one genome but many 



Single nucleotide variation 

Ossowski et al. Genome Research, 2008 



Single nucleotide variation 
Integrative Genomics Viewer (IGV) 

Robinson et al. Nature Biotechnology, 2011 



Bhutkar et al., Genetics, 2008 

Structural variation 



Challenge 4 

No longer one genome but many 

Capture variation on a graph 



of novel ORF database orphans (ORFans; white nodes)
within groups of ‘‘core genes’’ (black nodes) can also be
further removed in order to simplify and represent the
‘‘core synteny’’ (panel C). This type of pruning, which re-
moves intervening genes/ORFs that are not part of the core
genome, answers the fundamental question of whether
(following fig. 1A–C) core gene B is invariably downstream
of A, and upstream of C, regardless of the expansion/
contraction of this genome by the addition/removal of
the facultative intervening ORFs.

Finally, we wanted to quantitatively express the amount
of synteny of each gene/ORF on the scaffolds. In order to do
so, we developed an ‘‘Index of Synteny’’ that expresses the
proportion of links to the left (in) and right (out) of a gene/
ORF that are to single sources and targets (perfect synteny
being only one source and one target, i.e., Isynteny 5 1):

Isynteny 5
maxðLin;1; Lin;2; . . . ; Lin;SÞP

Lin

# maxðLout;1; Lout;2; . . . ; Lout;TÞP
Lout

;

where L is the number of links to adjacent source (S) and
target (T) genes/ORFs (fig. 1D). We can also display the total
number of links involved, under the form Isynteny(L 5 n),
where n is the sum of Lin and Lout, as an indication of the
confidence we have in the measure. For example, gene B
in figure 1C would have a value of 1.0(L5 6), indicating that
it is in perfect synteny with its surrounding genes, but the
sample size is small (only three occurrences in this example)
and so the perfect synteny score must be interpreted with
caution. Genes A–C of panels E–G, with values of 0.25, 0.88,
and 0.94, have varying degrees of synteny that are ,1, but
these measures are derived from sufficient scaffold occurren-
ces (L 5 32) that they merit much greater confidence.

Protein Phylogenies
The conserved marker proteins (gp20, gp23, gp43) of the
Cyano-T4s (and T4 as the outgroup) were aligned using
ClustalW (Thompson et al. 1994) within BioEdit v7.0.9.0
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). These
alignments were used to construct Neighbor-Joining phylog-
eniesusingQuickTree (Howeet al. 2002),whichuses theClus-
talW distance calculations using default parameters (neither
columnrejectionnormultiple substitutioncorrection),with1
000 bootstrap replicates as implemented on the Institut
Pasteur Mobyle web portal (http://mobyle.pasteur.fr).

Results and Discussion

The Marine Phage Scaffolds Extracted from the
GOS Metagenome
We chose to examine only those scaffolds.5 kb in length
from the pooled GOS data assembly conducted by
Williamson et al. (2008). The majority of the scaffolds
from their assembly were smaller (containing only
a few genes), but these were judged to be of insufficient
length for unambiguously assigning a viral origin or deter-
mining gene synteny. Local similarities (BlastX) to the 440
large viral scaffolds indicated that the vast majority (n 5
314) were of probable myovirus origin, whereas there were
18 podovirus scaffolds and only 8 of likely siphovirus or-
igin. Thus, there were a total of 340 scaffolds considered to
be of probable phage origin, with the remaining 100 viral
scaffolds mostly distributed among the phytoplankton-
and protist-infecting phycodnaviruses (70 scaffolds) and
mimivirus (25 scaffolds). We removed four unconvincing
myovirus scaffolds (each containing a single ‘‘phage’’ gene
with greater similarity to a bacterial gene) from our anal-
ysis, leaving 310 scaffolds ranging in size from 2.5 to nearly

FIG. 1. Synteny representations and Isynteny calculations. (A) Traditional arrow gene representations, with ‘‘core genes’’ in black and inserted
novel ORFs in white. (B) Conversion of (A) into network representation (used by Cytoscape), with each line representing an occurrence/link
between the respective genes/ORFs. (C) Reduction of (B), with the removal of non-core genes, showing either all (top) or a condensation
(bottom) of the number of links. (D) Formulation of the Index of Synteny (Isynteny) (equation on right), which reports the proportion of links
(L) to the left (in) and right (out) of a gene X that are to single sources (S) and targets (T). (E–G) Various examples of gene synteny, along with
the corresponding Isynteny values and the total number of links (under the format L 5 n).

Uncultured Phage Genomics · doi:10.1093/molbev/msq076 MBE

1937

Comeau et al., Mol. Biol. Evol., 2010 

Sequence variation on a graph 

Users may require more time to learn how to interpret graph representations, but 
such graphs are likely to scale better and may prove more powerful for analysis 



connecting to stub end nodes. Figure 2A shows an example adja-
cency graph containing two threads.

Cactus graphs
Let G0 be the adjacency graph for S, R, and;;. We briefly describe
how G0 is transformed to a simplified form of the Genome Cactus
Graph G, also more fully described in Paten et al. (2011). G0 is
transformed into G in three steps:

1. Let a group component be an equivalence class of nodes in G0

connected only by adjacency or backdoor adjacency edges. We
call the group component composed of dead end nodes the
backdoor group component. The graph G1 contains a node for
each group component in G0. Two nodes a and b in G1, rep-
resenting, respectively (not necessarily distinct), group com-
ponents A and B in G0, are connected by a copy of every block
or stub edge in G0 from some a 2 A to some b 2 B. Thus, the
graph G1 is formed by merging nodes in group components
in G0 and eliminating all the adjacency and backdoor adja-
cency edges.

2. Let a 3-edge-connected component be an equivalence class of
nodes that are 3-edge-connected; these components can be
computed in linear time (we use the algorithm given by Tsin
[2007]). The graph G2 contains a node for each 3-edge-con-
nected component in G1. Like the previous step, two nodes
a and b in G2, representing, respectively (not necessarily dis-
tinct), 3-edge-connected components A and B in G1, are con-
nected by a copy of every block edge in G1 from some a 2 A to
some b 2 B. Thus, the graph G2 is formed by merging 3-edge-
connected equivalent nodes in G1.

3. An edge in a graph whose removal disconnects the graph is
called a bridge. Let a bridge tree be a connected component ofG2

formed only by bridge edges; it is easy to verify that such
a structure must be a tree. For each bridge tree, we merge all
leaf nodes and branching nodes into a single node. The
resulting graph G is a Cactus graph (Harary and Uhlenbeck
1953) containing a single connected component in which
every edge is a member of exactly one simple cycle. Figure 2B
shows an example Cactus graph for the adjacency graph in
Figure 2A.

We call the node in G that represents the component that con-
tained the backdoor group component in G0 the origin node.

G0 can be constructed in time linearly proportional to |S9| +
|;;|; the above three steps can also be performed in time linearly
proportional to |S9| + |;;|; therefore, G can also be constructed in
time linearly proportional to |S9| + |;;|.

Chains
For a graph G, a traversal of a cycle C is a path in G containing only
edges in C. A simple cycle C in a graph G is fundamental if for any
path P inG, if we ignore all edges in P that are not in the cycleC, we
obtain a single contiguous traversal of C. A Cactus graph has the
special property that all its simple cycles are fundamental. A chain
C9 in G is merely a fundamental cycle C in G that has been opened
up at a designated node n, where n is either the origin node or the
node whose removal disconnects C9 from the origin node. As de-
scribed, every block edge is a member of exactly one chain in the
Cactus graph we have defined (see Fig. 2B). For a chain C, let SC be
the set of sequences obtained from S by ignoring all the base pairs
from blocks that do not label members of C. Then because C is
fundamental, it follows that every sequence in SC is a traversal ofC.
Thus, the simple cycles in G represent universal substructure re-
lationships of S, R, and ;;.

Figure 2. (A) An adjacency graphG0 showing examples of threads. Blue and green lines depict two homologous threads traversing a series of residues in
blocks and the joining adjacencies. The block edges are the aligned boxes containing letters. The stub edges are the aligned boxes not containing letters.
The ends of the blocks/stubs are mapped as filled black rectangles on the edges of the aligned boxes. The adjacency edges are sets of lines connecting
nodes. To distinguish the backdoor adjacencies, they are dotted. DNA bases within the adjacencies are written along the lines representing adjacency
edges. Starting at a1, the blue thread gives the sequence ACTTAGAATTCATTTTGCCTGGAGGCTCTGTGGATGAC. Similarly, the green thread gives the
sequence AGCCTGCATAGAAGTCATggCATTTGTGAAggCTGATTCccctaAG. The lowercase letters represent the reverse complement of the block residues
and adjacency sequences as they are written, and result from the traversal of the adjacency/block in the reverse orientation from right to left. (B) The Cactus
graphG forG0. The blue and green lines again depict the two threads. Each node is shown as a circle; the origin node is colored gray. The block/stub edges
are depicted with multiple arrows, representing the different threads traversing them. Stub edges are dotted. The red numbers indicate the length of the
chains. (C ) The Cactus graph with embedded net substructure (G0, G). Each node in (G0, G) has added adjacency edges drawn, which connect the block
end nodes represented by the ends of the block edges incident with each node. The origin node in (G0, G) is drawn containing the origin node from G0 to
connect the prefix and suffix adjacency substructure.

Paten et al.

1514 Genome Research
www.genome.org
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Paten et al., Genome Research, 2011 

Sequence variation on a graph 
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Consed Genome Assembly and Finishing Tool 

David Gordon and Phil Green 

Good example of integrated visualization and computational analysis functionality 



Challenge 5 

Need to integrate computation 

High interactivity, low memory overhead 

Avoid storing large data sets locally 

Popularity of web-based tools 

Evolving sequencing technologies 
 



Summary 

Large number of samples for comparison 
Large number of data types 
Genomic features are sparse 
No longer one genome but many 
Need to integrate computational analysis 
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