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Unlike Sanger sequencing, which average over many 
molecules, in nextGen sequencing PCR errors do not 
average away
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A three-dimensional model of the yeast genome
Zhijun Duan1,2*, Mirela Andronescu3*, Kevin Schutz4, SeanMcIlwain3, Yoo Jung Kim1,2, Choli Lee3, Jay Shendure3,
Stanley Fields2,3,5, C. Anthony Blau1,2,3 & William S. Noble3

Layered on top of information conveyed by DNA sequence and
chromatin are higher order structures that encompass portions of
chromosomes, entire chromosomes, and even whole genomes1–3.
Interphase chromosomes are not positioned randomly within the
nucleus, but instead adopt preferred conformations4–7. Disparate
DNA elements co-localize into functionally defined aggregates or
‘factories’ for transcription8 and DNA replication9. In budding
yeast,Drosophila andmany other eukaryotes, chromosomes adopt
a Rabl configuration, with arms extending from centromeres adja-
cent to the spindle pole body to telomeres that abut the nuclear
envelope10–12. Nonetheless, the topologies and spatial relationships
of chromosomes remain poorly understood. Here we developed a
method to globally capture intra- and inter-chromosomal inter-
actions, and applied it to generate a map at kilobase resolution of
the haploid genome of Saccharomyces cerevisiae. The map recapi-
tulates known features of genome organization, thereby validating
the method, and identifies new features. Extensive regional and
higher order folding of individual chromosomes is observed.
Chromosome XII exhibits a striking conformation that implicates
the nucleolus as a formidable barrier to interaction between DNA
sequences at either end. Inter-chromosomal contacts are anchored
by centromeres and include interactions among transfer RNA
genes, among origins of early DNA replication and among sites
where chromosomal breakpoints occur. Finally, we constructed a
three-dimensional model of the yeast genome. Our findings pro-
vide a glimpse of the interface between the form and function of a
eukaryotic genome.

Chromosome conformation capture (3C) and its derivatives have
been used to detect long-range interactions within and between chro-
mosomes13–20. We developed a method for identifying chromosomal
interactions genome-wide by coupling chromosome conformation
capture-on-chip (4C)14 andmassively parallel sequencing (Fig. 1 and
Supplementary Methods). Because all 3C-based technologies are
encumbered by low signal-to-noise ratios18,21, we established the
method’s reliability by assessing: (1) random intermolecular ligations
from each of five control libraries (Fig. 2a, Supplementary Tables 1
and 2 and Supplementary Methods); (2) restriction site-based biases
(Fig. 2b, Supplementary Figs 1 and 2 and Supplementary Table 3); (3)
reproducibility between independent sets of experimental libraries
that differed in DNA concentration at the 3C step, which critically
influences signal-to-noise ratios (Supplementary Table 1, Fig. 2b and
c and Supplementary Fig. 2); (4) consistency between theHindIII and
EcoRI libraries (Supplementary Figs 3–5 and Supplementary Tables
4–8), and (5) a set of 24 chromosomal interactions using conven-
tional 3C (Fig. 2d, Supplementary Fig. 6). These results show that our
method is reliable and robust (detailed in Supplementary Methods).
We established yeast genome architecture features using interactions
from the HindIII libraries at a false discovery rate (FDR) of 1%, and

confirmed them with interactions from the EcoRI libraries at the
same threshold.

From our HindIII libraries, we identified 2,179,977 total interac-
tions at an FDR of 1%, corresponding to 65,683 interactions between
distinct pairs of HindIII fragments. We used these data to generate
conformational maps of all 16 yeast chromosomes. The overall pro-
pensity of HindIII fragments to engage in intra-chromosomal inter-
actions varied little between chromosomes, ranging from 436
interactions per HindIII fragment on chromosome XI to 620 inter-
actions per HindIII fragment on chromosome IV (Supplementary
Table 9). These results indicate broadly similar densities of self-
interaction (intra-chromosomal interaction) between chromosomes
and indicate that the density of self-interaction does not vary with
chromosome size (Supplementary Fig. 7).

Some large segments of chromosomes showed a striking propen-
sity to interact with similarly sized regions of the same chromosome.
For example, two regions on chromosome III (positions 30–90 kilo-
bases (kb), and 105–185 kb) showed an excess of interactions (Fig. 3
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Figure 1 | Schematic depiction of the method. Our method relies on the 4C
procedure by using cross-linking, two rounds of alternating restriction
enzyme (RE) digestion (6-bp-cutter RE1 for the 3C-step digestion and 4-bp-
cutter RE2 for the 4C-step digestion) and intra-molecular ligation. At step 7,
each circle contains the 6-bp restriction enzyme recognition site originally
used to link the two interacting partner sequences (RE1).Diverging from4C,
we relinearize the circles using RE1, then sequentially insert two sets of
adaptors, one of which permits digestion with a type IIS or type III
restriction enzyme (such as EcoP15I). Following EcoP15I digestion,
fragments are produced that incorporate interacting partner sequence at
either end, which can be rendered suitable for deep sequencing (see
Supplementary Methods).
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3D Genome

than all inter-chromosomal pairings, except for pairing between the
two smallest arms (1R and 9R) (Supplementary Fig. 16a). However,
the preference for intra-chromosomal arm pairing versus inter-
chromosomal arm pairing decreased with increasing distance from
centromeres (Supplementary Fig. 16 b–d). These observations indi-
cate that yeast chromosome arms are highly flexible.

Combining our set of 4,097,539 total and 306,312 distinct inter-
actions with known spatial distances that separate sub-nuclear land-
marks12, we derived a three-dimensionalmap of the yeast genome. To

depict intra-chromosomal folding, we incorporated a metric that
converts interaction probabilities into nuclear distances (assigning
130 bp of packed chromatin a length of 1 nm, ref. 30) (Supplemen-
tary Figs 17 and 18 and Supplementary Methods). Using this ruler,
we calculated the spatial distances between all possible pairings of the
16 centromeres (Supplementary Tables 14 and 15) The results are
consistent with previous observations12.

The resulting map resembles a water lily, with 32 chromosome
arms jutting out from a base of clustered centromeres (Fig. 5).
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Figure 4 | Inter-chromosomal interactions. a, Circos diagram showing
interactions between chromosome I and the remaining chromosomes. All 16
yeast chromosomes are aligned circumferentially, and arcs depict distinct
inter-chromosomal interactions. Bold red hatch marks correspond to
centromeres. To aid visualization of centromere clustering, these
representations were created using the overlap set of inter-chromosomal
interactions identified from both HindIII and EcoRI libraries at an FDR
threshold of 1%. Additional heat maps and Circos diagrams are provided in
Supplementary Fig. 9. b, Circos diagram, generated using the inter-
chromosomal interactions identified from the HindIII libraries at an FDR
threshold of 1%, depicting the distinct interactions between a small and a
large chromosome (I and XIV, respectively). Most of the interactions
between these two chromosomes primarily involve the entirety of

chromosome I, and a distinct region of corresponding size on chromosome
XIV. c, Inter-chromosomal interactions between all pairs of the 32 yeast
chromosomal arms (the 10 kb region starting from the midpoint of the
centromere in each arm is excluded). For each chromosome, the shorter arm
is always placed before the longer arm. Note that the arms of small
chromosomes tend to interact with one another. The colour scale
corresponds to the natural log of the ratio of the observed versus expected
number of interactions (see Supplementary Materials). d, Enrichment of
interactions between centromeres, telomeres, early origins of replication,
and chromosomal breakpoints. To measure enrichment of strong
interactions with respect to a given class of genomic loci, we use receiver
operating curve (ROC) analysis.
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Figure 5 | Three-dimensional model of the yeast
genome. Two views representing two different
angles are provided. Chromosomes are coloured
as in Fig. 4a (also indicated in the upper right). All
chromosomes cluster via centromeres at one pole
of the nucleus (the area within the dashed oval),
while chromosome XII extends outward towards
the nucleolus, which is occupied by rDNA repeats
(indicated by the white arrow). After exiting the
nucleolus, the remainder of chromosome XII
interacts with the long arm of chromosome IV.
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than all inter-chromosomal pairings, except for pairing between the
two smallest arms (1R and 9R) (Supplementary Fig. 16a). However,
the preference for intra-chromosomal arm pairing versus inter-
chromosomal arm pairing decreased with increasing distance from
centromeres (Supplementary Fig. 16 b–d). These observations indi-
cate that yeast chromosome arms are highly flexible.

Combining our set of 4,097,539 total and 306,312 distinct inter-
actions with known spatial distances that separate sub-nuclear land-
marks12, we derived a three-dimensionalmap of the yeast genome. To

depict intra-chromosomal folding, we incorporated a metric that
converts interaction probabilities into nuclear distances (assigning
130 bp of packed chromatin a length of 1 nm, ref. 30) (Supplemen-
tary Figs 17 and 18 and Supplementary Methods). Using this ruler,
we calculated the spatial distances between all possible pairings of the
16 centromeres (Supplementary Tables 14 and 15) The results are
consistent with previous observations12.

The resulting map resembles a water lily, with 32 chromosome
arms jutting out from a base of clustered centromeres (Fig. 5).
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Figure 4 | Inter-chromosomal interactions. a, Circos diagram showing
interactions between chromosome I and the remaining chromosomes. All 16
yeast chromosomes are aligned circumferentially, and arcs depict distinct
inter-chromosomal interactions. Bold red hatch marks correspond to
centromeres. To aid visualization of centromere clustering, these
representations were created using the overlap set of inter-chromosomal
interactions identified from both HindIII and EcoRI libraries at an FDR
threshold of 1%. Additional heat maps and Circos diagrams are provided in
Supplementary Fig. 9. b, Circos diagram, generated using the inter-
chromosomal interactions identified from the HindIII libraries at an FDR
threshold of 1%, depicting the distinct interactions between a small and a
large chromosome (I and XIV, respectively). Most of the interactions
between these two chromosomes primarily involve the entirety of

chromosome I, and a distinct region of corresponding size on chromosome
XIV. c, Inter-chromosomal interactions between all pairs of the 32 yeast
chromosomal arms (the 10 kb region starting from the midpoint of the
centromere in each arm is excluded). For each chromosome, the shorter arm
is always placed before the longer arm. Note that the arms of small
chromosomes tend to interact with one another. The colour scale
corresponds to the natural log of the ratio of the observed versus expected
number of interactions (see Supplementary Materials). d, Enrichment of
interactions between centromeres, telomeres, early origins of replication,
and chromosomal breakpoints. To measure enrichment of strong
interactions with respect to a given class of genomic loci, we use receiver
operating curve (ROC) analysis.
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Figure 5 | Three-dimensional model of the yeast
genome. Two views representing two different
angles are provided. Chromosomes are coloured
as in Fig. 4a (also indicated in the upper right). All
chromosomes cluster via centromeres at one pole
of the nucleus (the area within the dashed oval),
while chromosome XII extends outward towards
the nucleolus, which is occupied by rDNA repeats
(indicated by the white arrow). After exiting the
nucleolus, the remainder of chromosome XII
interacts with the long arm of chromosome IV.
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Figure 2 | Validation of the assay. a, Graph showing an inverse relationship
between interaction frequency and genomic distance (20 kb or larger,
excluding self-ligations and adjacent ligations) separating interacting
restriction fragments (either HindIII or EcoRI) in each of four experimental
but none of five control libraries. Note, the five lines representing the five
control libraries are very close to each other. H-Mp, HindIII-MspI; H-Me,
HindIII-MseI; E-Mp, EcoRI-MspI and E-Me, EcoRI-MseI library. b, The
fraction of instances that each HindIII site along chromosome I (chr I) was
engaged in an intra-chromosomal interaction was highly correlated between
two independently derived experimental H-Mp (HindIII-MspI) libraries
(designatedA andB, left panel) but was not correlated between experimental
and non-cross linked control H-Mp libraries (right panel). c, Two-
dimensional heat maps demonstrating broad reproducibility of interaction
patterns within chromosome I for two independently derived H-Mp
libraries (H-Mp-A and the equivalent sequence depth of H-Mp-B, H-Mp-
B1). The chromosomal positions of mappable (green hatches) and un-

mappable (black hatches) HindIII fragments are indicated. The binary
interaction matrix of all interactions with an FDR threshold of 1% has been
smoothed with a Gaussian of width 3 kb. d, High degree of correlation
between absolute interaction frequencies as determined by our method
(symbols) versus relative interaction frequencies as determined by
conventional 3C using cross-linked (dark grey bars) and uncross-linked
(light grey bars) libraries. Results for 10 potential long-range intra-
chromosomal interactions are depicted, of which 6 passed (circles) and 4 did
not pass (triangles) an FDR threshold of 1%. Error bars denote standard
deviations over three experiments. Interaction sites are as follows. A, Chr III
position 11811; B, chr III position 290056; C, chr III position 15939; D, chr
III position 314440; E, chr I position 26147; F, chr I position 191604; G, chr I
position 204567; H, chr VI position 12007; I, chr VI position 243206; J, chr
VI position 249743; K, chr II position 238203; L, chr II position 502988; M,
chr II position 512024; N, chr IV position 236977;O, chr IV position 447899;
P, chr IV position 239805; Q, chr IV position 461284.
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Figure 3 | Folding patterns of chromosomes.
Chromosomes III (a, b) and XII (c, d) are shown.
Theheatmaps(a,c)andCircosdiagrams(b,d)were
generated using the intra-chromosomal
interactions identified from theHindIII libraries at
anFDRthresholdof1%. In theheatmaps (a, c), the
chromosomal positions of centromeres (dashed
pink lines), telomeres (pink hatches), mappable
(green hatches) and un-mappable (black hatches)
HindIII fragments are indicated. Circos diagrams
(b, d) depict each chromosome as a circle. Each arc
connects two HindIII fragments and represents a
distinct interaction. The shade of each arc, from
very light grey to black, is proportional to the
negative log of the P-value of the interaction. The
chromosomal positions of centromeres (red
rectangles), telomeres (red coloured areas), tRNA
genes (blue outer hatches), mappable (green inner
hatches) and un-mappable (black inner hatches)
HindIII fragments are indicated. Black outer
hatches and numbers mark genomic positions.
Note that the two ends of chromosome XII
(c, d) exhibit extensive local interactions, but very
little interaction with each other. Separating the
ends of chromosome XII are 100–200 rDNA
repeats, of which only two copies are depicted here
(from coordinates 450 to 470 kb). Additional heat
maps andCircosdiagrams for all chromosomes are
shown in Supplementary Fig. 8.
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Illumina pipeline

image 
processing

base-calling

genome
alignment

Illumina Firecrest makes 
mistakes: optical ghost.

Illumina Bustard

Illumina eland: 2 mismatches
MAQ: similar to eland
bowtie, BWA: very fast

50% --70%

40% --80%







error rate depends on sequencing position

Wang & Sandberg et al, Nature 2008



Mapper: match tags to the reference genome

• Generally allows 2 mismatches to the reference 
genome.

• complexity must be linear in N, size of the 
genome
–N ~ 109

–CPU clock is ns. 
• How to find exact match without mismatch? 

–sorting all 36mers in reference genome.
–search a sorted list in log(N) steps.

16



Mapper: match tags to the reference genome

• Method I, sorted list of genomic oligomers or 
hash table
–Lam et al, Bioinformatics 24 2008, 791. 
–divide 36 bp into six sections 
– matching 15 times (6*5/2)
– ELAND (Illumina)
– MAQ (Li et al 2008 Genome Res., 18, 1851–

1858)

17



Mapper: match tags to the reference genome

• Method II, Burrows-Wheeler transformation
–Burrows, M. and Wheeler, D. J. (1994) Technical 

report 124, Digital Equipment Corporation, Palo 
Alto CA

–Bowtie (Langmead, B. et al. (2009) Genome Biol, 
10:R25)

–BWA (Li & Durbin Bioinformatics 25 2009 1754)
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Mapper: match tags to the reference genome

• Other methods
–SeqMap (Jiang & Wong, Bioinformatics 24 2008, 

2395)
–SOAP (Li et al. Bioinformatics 2008, 24(5):713)
–BLAT (Kent, UCSC genome browser)
–Mosaik-Aligner (http://bioinformatics.bc.edu/

marthlab/Mosaik) from Boston College

19
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Illumina Genome Analyzer Output

• three types of files
–s_7_sequence.txt

• HWUSI-EAS230-R_0023:7:1:1406:20572#0/2:CCGCGAGAGCCATCGCGCGGCTCCGGTCCCTGTTCC:TYdTdbLLTY\Z\
\MXZUZ]`^LK`bMM_\Y`^K`B

–s_7_export.txt
• HWUSI-EAS230-R  0023    7       1       1406    20572   0       2       CCGCGAGAGCCATCGCGCGGCTCCGGTCCCTGTTCC    

TYdTdbLLTY\Z\\MXZUZ]`^LK`bMM_\Y`^K`B    NM                                                                                      Y

• HWUSI-EAS230-R  0023    7       1       1245    18361   0       2       CTCTTCCTCAACACAGAGGGGGTTAACAAGCCATGC    d
\ddddTddacTbdcTT]Y`Z[]L``cTYbd\cYcb    c6.fa           110171719       F       36      118     236                     69      R       Y

–s_7_sorted.txt
• HWUSI-EAS230-R 0023 7 1 1245 18361

 0 2 CTCTTCCTCAACACAGAGGGGGTTAACAAGCCATGC d
\ddddTddacTbdcTT]Y`Z[]L``cTYbd\cYcb c6.fa 110171719 F 36
 118 236   69 R

• Solexa manual: http://watson.nci.nih.gov/
solexa/
–

20

http://watson.nci.nih.gov/solexa/
http://watson.nci.nih.gov/solexa/
http://watson.nci.nih.gov/solexa/
http://watson.nci.nih.gov/solexa/


Illumina Data

• UCSC genome browser ENCODE
–http://genome.ucsc.edu/ENCODE/

• GEO short read archive
–http://www.ncbi.nlm.nih.gov/geo/

• NIH epigenomics roadmap
–http://www.ncbi.nlm.nih.gov/geo/roadmap/

epigenomics/
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Figure 1 | Overview of a ChIP–seq experiment. Using chromatin immunoprecipitation 
(ChIP) followed by massively parallel sequencing, the specific DNA sites that interact 
with transcription factors or other chromatin-associated proteins (non-histone ChIP) 
and sites that correspond to modified nucleosomes (histone ChIP) can be profiled. The 
ChIP process enriches the crosslinked proteins or modified nucleosomes of interest 
using an antibody specific to the protein or the histone modification. Purified DNA can 
be sequenced on any of the next-generation platforms12. The basic concepts are similar 
for different platforms: common adaptors are ligated to the ChIP DNA and clonally 
clustered amplicons are generated. The sequencing step involves the enzyme-driven 
extension of all templates in parallel. After each extension, the fluorescent labels that 
have been incorporated are detected through high-resolution imaging. On the 
Illumina Solexa Genome Analyzer (bottom left), clusters of clonal sequences are 
generated by bridge PCR, and sequencing is performed by sequencing-by-synthesis. 
On the Roche 454 and Applied Biosystems (ABI) SOLiD platforms (bottom middle), 
clonal sequencing features are generated by emulsion PCR and amplicons are 
captured on the surface of micrometre-scale beads. Beads with amplicons are then 
recovered and immobilized to a planar substrate to be sequenced by pyrosequencing 
(for the 454 platform) or by DNA ligase-driven synthesis (for the SOLiD platform). On 
single-molecule sequencing platforms such as the HeliScope by Helicos (bottom right), 
fluorescent nucleotides incorporated into templates can be imaged at the level of 
single molecules, which makes clonal amplification unnecessary.

Heterochromatin
A region of highly compact 
chromatin. Constitutive 
heterochromatin is largely 
composed of repetitive DNA.

ChIP–seq the genome coverage is not limited by the rep-
ertoire of probe sequences fixed on the array. This is par-
ticularly important for the analysis of repetitive regions 
of the genome, which are typically masked out on arrays. 
Studies involving heterochromatin or microsatellites, for 

instance, can be done much more effectively by ChIP–seq.  
Sequence variations within repeat elements can be 
captured by sequencing and used to map reads to the 
genome; unique sequences that flank repeats are also 
helpful in aligning the reads to the genome. For exam-
ple, only 48% of the human genome is non-repetitive, but 
80% is mappable with 30 bp reads and 89% is mappable 
with 70 bp reads38.

All profiling technologies produce unwanted  
artefacts, and ChIP–seq is no exception. Although 
sequencing errors have been reduced substantially as 
the technology has improved, they are still present, 
especially towards the end of each read. This problem 
can be ameliorated by improvements in alignment algo-
rithms (see below) and computational analysis. There is 
also bias towards GC-rich content in fragment selection, 
both in library preparation and in amplification before 
and during sequencing14,39, although notable improve-
ments have been made recently. In addition, when an 
insufficient number of reads is generated, there is loss of 
sensitivity or specificity in detection of enriched regions. 
There are also technical issues in performing the experi-
ment, such as loading the correct amount of sample: too 
little sample will result in too few tags; too much sample 
will result in fluorescent labels that are too close to one 
another, and therefore lower quality data.

However, the main disadvantage with ChIP–seq 
is its current cost and availability. Several groups have 
successfully developed and applied their own proto-
cols for library construction, which has lowered that 
cost substantially. But the overall cost of ChIP–seq, 
which includes machine depreciation and reagent cost, 
will have to be lowered further for it to be comparable 
with the cost of ChIP–chip in every case. For high- 
resolution profiling of an entire large genome, ChIP–seq 
is already less expensive than ChIP–chip, but depend-
ing on the genome size and the depth of sequencing 
needed, a ChIP–chip experiment on carefully selected 
regions using a customized microarray may yield as 
much biological understanding. The recent decrease in 
sequencing cost per base pair has not affected ChIP–seq 
as substantially as other applications, as the decrease 
has come as much from increased read lengths as 
from the number of sequenced fragments. The gain in  
the fraction of reads that can be uniquely aligned to the 
genome decreases noticeably after ~25–35 bp and is 
marginal beyond 70–100 nucleotides40. However, as the 
cost of sequencing continues to decline and institutional 
support for sequencing platforms continues to grow,  
ChIP–seq is likely to become the method of choice for 
nearly all ChIP experiments in the near future.

Issues in experimental design
Antibody quality. The value of any ChIP data, includ-
ing ChIP–seq data, depends crucially on the quality of 
the antibody used. A sensitive and specific antibody will 
give a high level of enrichment compared with the back-
ground, which makes it easier to detect binding events. 
Many antibodies are commercially available, and some 
are noted as ChIP grade, but the quality of different anti-
bodies is highly variable and can also vary among batches 
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Types of binders

1. point-like binding such as transcription 
factors, or CTCF.

2. extended binding region: histone 
modifications. H3K27 has larger domain 
than H3K4.

3. PolII: point-like in promoter, and extended 
in gene body.
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Rozowsky et al. Nat Biotechnol 2009, 27:66.

The vertical axis is the count of overlapping mapped DNA fragments
at each nucleotide position. Peaks (large numbers of overlapping
mapped fragments) in this track correspond to regions of DNA where
either Pol II or STAT1 has potentially bound in the HeLa S3 cell line
being studied. Ideally the background to this experimentally generated
signal map would be a randomly generated map with the same
number of mapped fragments (that is, a uniform background dis-
tribution). If this were the case, peaks in the random background
would follow Poisson statistics and could be computed either theo-
retically or by simulation. A peak threshold could then be set based on
a false-discovery rate determined by the number of peaks from the
background distribution compared to the actual data7.
Unfortunately, the background distribution for a ChIP-seq experi-

ment is not this simple10. There are multiple effects that contribute to
the signal map from a ChIP-seq experiment. First, because sequence
tags from certain genomic locations are not unique to the genome,
sequenced reads from these regions would not be included, as they do
not align uniquely to the genome. Thus the distribution of uniquely
mappable bases in the genome is not uniform (Fig. 1a, fifth track).
Second, genomic DNA isolated from cells is in the form of

chromatin. The structure of chromatin might bias the amount of
DNA that is experimentally observable from different regions of the
genome. There are also peaks in the signal maps for unstimulated and
interferon-g–stimulated HeLa S3 input DNA in the vicinity of
promoters of known genes, which may correspond to regions of

open chromatin11 (Fig. 1a, second and fourth
tracks). This can also be seen in Figure 1b, in
which the signal maps have been aggregated
proximal to transcription start sites (TSSs),
that is, within ± 2.5 Kb, for all annotated
Consensus Coding Sequences genes (CCDS
gene annotations12, uniformly agreed upon

by Ensembl, NCBI and UCSC) in the human genome.
Thus the signal map of aligned fragments for a given transcription

factor is actually the ‘convolution’ of a number of effects: the density
of mappable bases in a region, the underlying chromatin structure and
the actual signal from transcription factor binding. Therefore, some
fraction of the peaks in the ChIP-seq signal map for a transcription
factor might be due to the nature of the chromatin structure in those
regions, that is, regions of open chromatin. To ascertain that the signal
for any region is enriched owing to the presence of transcription factor
binding, one must compare the signal against one from a control, such
as a matching sequenced input-DNA experiment.

Mappability map of a genome sequence
A notable advantage of using tag-based sequencing instead of tiling
microarrays for unbiased genomic experiments is that it is possible to
cover a greater fraction of the genome. This is especially true for the
more complex mammalian genomes that are comprised of almost
equal amounts of repetitive and nonrepetitive sequence. In Table 1 we
compute the fraction of the genomes of four well-studied organisms
(worm, fruit fly, mouse and human) that are assayable using either
tiling arrays or tag sequencing–based technologies. For human we find
that even though only 47.5% of the genome is nonrepetitive, 79.6% of
the genome is uniquely mappable using 30 nucleotide (nt) sequence
tags. Even for more compact genomes such as the worm’s, which has
much less repetitive sequence than the human genome, a substantial
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Figure 1 ChIP-seq signal profile maps. (a) The
first and third signal tracks are plots of mapped
fragment density for Pol II (in blue) and STAT1
(in red), respectively. The second and fourth
tracks correspond to the input-DNA tracks
for unstimulated (in blue) and interferon-g–
stimulated HeLa S3 cells (in red). The vertical
axis for the first four tracks is the count of the
number of overlapping DNA fragments at each
nucleotide position (peaks in the top track
indicated with a star have been truncated).
The fifth track shows the fraction of uniquely
mappable bases plotted in 1 Kb bins (in green).
Many of the peaks in the Pol II and STAT1 tracks
match corresponding peaks in the input-DNA
controls, only some of which are enriched in their
height relative to the control. (b) The signal for
Pol II (solid blue line), STAT1 (solid red line)
ChIP-seq and corresponding unstimulated
(dashed blue line) and interferon-g–stimulated
(dashed red line) input-DNA controls are
aggregated over regions proximal to all human
CCDS transcription start sites (±2.5 Kb) plotted
in 100-bp bins. There is significant enrichment
for both transcription factors as well as the input-
DNA controls over TSSs. The aggregated signal
for the fraction of mappable bases is also plotted
(green line) and there is a smaller but significant
enhancement over TSSs (see insert where the
vertical scale is from 0.95 to 1.15), though not
as pronounced as the sequencing results.
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Rozowsky et al. Nat Biotechnol 2009, 27:66.

The vertical axis is the count of overlapping mapped DNA fragments
at each nucleotide position. Peaks (large numbers of overlapping
mapped fragments) in this track correspond to regions of DNA where
either Pol II or STAT1 has potentially bound in the HeLa S3 cell line
being studied. Ideally the background to this experimentally generated
signal map would be a randomly generated map with the same
number of mapped fragments (that is, a uniform background dis-
tribution). If this were the case, peaks in the random background
would follow Poisson statistics and could be computed either theo-
retically or by simulation. A peak threshold could then be set based on
a false-discovery rate determined by the number of peaks from the
background distribution compared to the actual data7.
Unfortunately, the background distribution for a ChIP-seq experi-

ment is not this simple10. There are multiple effects that contribute to
the signal map from a ChIP-seq experiment. First, because sequence
tags from certain genomic locations are not unique to the genome,
sequenced reads from these regions would not be included, as they do
not align uniquely to the genome. Thus the distribution of uniquely
mappable bases in the genome is not uniform (Fig. 1a, fifth track).
Second, genomic DNA isolated from cells is in the form of

chromatin. The structure of chromatin might bias the amount of
DNA that is experimentally observable from different regions of the
genome. There are also peaks in the signal maps for unstimulated and
interferon-g–stimulated HeLa S3 input DNA in the vicinity of
promoters of known genes, which may correspond to regions of

open chromatin11 (Fig. 1a, second and fourth
tracks). This can also be seen in Figure 1b, in
which the signal maps have been aggregated
proximal to transcription start sites (TSSs),
that is, within ± 2.5 Kb, for all annotated
Consensus Coding Sequences genes (CCDS
gene annotations12, uniformly agreed upon

by Ensembl, NCBI and UCSC) in the human genome.
Thus the signal map of aligned fragments for a given transcription

factor is actually the ‘convolution’ of a number of effects: the density
of mappable bases in a region, the underlying chromatin structure and
the actual signal from transcription factor binding. Therefore, some
fraction of the peaks in the ChIP-seq signal map for a transcription
factor might be due to the nature of the chromatin structure in those
regions, that is, regions of open chromatin. To ascertain that the signal
for any region is enriched owing to the presence of transcription factor
binding, one must compare the signal against one from a control, such
as a matching sequenced input-DNA experiment.

Mappability map of a genome sequence
A notable advantage of using tag-based sequencing instead of tiling
microarrays for unbiased genomic experiments is that it is possible to
cover a greater fraction of the genome. This is especially true for the
more complex mammalian genomes that are comprised of almost
equal amounts of repetitive and nonrepetitive sequence. In Table 1 we
compute the fraction of the genomes of four well-studied organisms
(worm, fruit fly, mouse and human) that are assayable using either
tiling arrays or tag sequencing–based technologies. For human we find
that even though only 47.5% of the genome is nonrepetitive, 79.6% of
the genome is uniquely mappable using 30 nucleotide (nt) sequence
tags. Even for more compact genomes such as the worm’s, which has
much less repetitive sequence than the human genome, a substantial
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Figure 1 ChIP-seq signal profile maps. (a) The
first and third signal tracks are plots of mapped
fragment density for Pol II (in blue) and STAT1
(in red), respectively. The second and fourth
tracks correspond to the input-DNA tracks
for unstimulated (in blue) and interferon-g–
stimulated HeLa S3 cells (in red). The vertical
axis for the first four tracks is the count of the
number of overlapping DNA fragments at each
nucleotide position (peaks in the top track
indicated with a star have been truncated).
The fifth track shows the fraction of uniquely
mappable bases plotted in 1 Kb bins (in green).
Many of the peaks in the Pol II and STAT1 tracks
match corresponding peaks in the input-DNA
controls, only some of which are enriched in their
height relative to the control. (b) The signal for
Pol II (solid blue line), STAT1 (solid red line)
ChIP-seq and corresponding unstimulated
(dashed blue line) and interferon-g–stimulated
(dashed red line) input-DNA controls are
aggregated over regions proximal to all human
CCDS transcription start sites (±2.5 Kb) plotted
in 100-bp bins. There is significant enrichment
for both transcription factors as well as the input-
DNA controls over TSSs. The aggregated signal
for the fraction of mappable bases is also plotted
(green line) and there is a smaller but significant
enhancement over TSSs (see insert where the
vertical scale is from 0.95 to 1.15), though not
as pronounced as the sequencing results.
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Modified from Pepke, S Nature Methods Supplement 6, S22 - S32 (2009)

Program Special feature
How to 
shift tag

Peaks 
ranked 
by

artifact 
filtering
strand/duplicate

MACS shift tags high quality
poisson 
p-value No/Yes

SICER histone domain input poisson 
q-value No/Yes

cisGenome to background high quality
negative 
binomial Yes/Yes

QuEST shape kernel corelation
fold of 
enrichme
nt

Yes/Yes

PeakSeq mappability tag 
extension

Poisson 
q-value No/No

spp find summit correlation
MC p-
value Yes/No

GLITR FDR from background
tag 
extension

peak 
height No/No



Genome Browser is your friend

• UCSC Genome Browser
• http://genome.ucsc.edu
• Tutorial: Zweig et al. Genomics 92 (2008) 75–

84
• custom track

–bed file: block data
–wiggle file: continuous data
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