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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.

Coding
exons

H3K36me3 H3K9ac H3K36me1 H3K27ac H3K18ac Nipped-B Chromatin
states

500 bp 2 kb Body 2 kb 500 bp
Enrichment

H3K23ac
H1
H4

H3K4me2
H3K4me3

H3K9ac
H3K27ac

RNA pol II
H3K79me2

H3K18ac
H3K36me1
H3K4me1
H4K16ac
H2B−ub

H3K79me1
H3K36me3

D
epleted

Enriched

a b

C
hrom

atin states: 

9
8
7
6
5
4
3
2
1

1.5 kb 500 bp Body 500 bp 1.5 kb

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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The concept of space-filling curves is due to Giuseppe 
Peano (1890).

This specific curve has been invented by David Hilbert 
(1891).

The idea to use these curves for visualization was first 
published by Daniel Keim (1996) for economics data.
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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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Stand-alone application: 
reads GFF and wiggle track 
files (incl. BED)

Simon 
Anders

Bioconductor packages HilbertVis & 
HilbertVisGUI


