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Research

The BEAF-32 insulator coordinates genome
organization and function during the evolution

of Drosophila species

Jingping Yang, Edward Ramos, and Victor G. Corces'
Department of Biology, Emory University, Atlanta, Georgia 30322, USA

Understanding the relationship between genome organization and expression is central to understanding genome
function. Closely apposed genes in a head-to-head orientation share the same upstream region and are likely to be
coregulated. Here we identify the Drosophila BEAF-32 insulator as a cis regulatory element separating close head-to-head
genes with different transcription regulation modes. We then compare the binding landscapes of the BEAF-32 insulator
protein in four different Drosophila genomes and highlight the evolutionarily conserved presence of this protein between
close adjacent genes. We find that changes in binding of BEAF-32 to sites in the genome of different Drosophila species
correlate with alterations in genome organization caused by DNA rearrangements or genome size expansion. The cross-
talk between BEAF-32 genomic distribution and genome organization contributes to new gene-expression profiles, which
in turn translate into specific and distinct phenotypes. The results suggest a mechanism for the establishment of differences

in transcription patterns during evolution.

[Supplemental material is available for this article.]

Eukaryotic genomes are not organized randomly. Rather, genes
and their regulatory elements are arranged in a manner that allows
for the correct function of the genome. Genes that show similar
function or expression tend to be clustered on the chromosomes
(Kamath et al. 2003; Pal and Hurst 2003; Hurst et al. 2004; Batada
and Hurst 2007), but not all adjacent genes are coregulated. One
interesting feature of eukaryotic genomes is the head-to-head
juxtaposition of genes with two adjacent transcription start sites
(TSS). Approximately 10% of genes in vertebrates are arranged in
a head-to-head orientation and located closer than 1 kb from each
other (Adachi and Lieber 2002; Yang et al. 2008). The proportion of
close head-to-head gene pairs in the genome correlates with gene
density (Li et al. 2006; Yang and Yu 2009), and Drosophila shows
a higher than expected proportion of genes in this type of ar-
rangement (Koyanagi et al. 2005; Yang and Yu 2009). The inter-
genic regions of close head-to-head gene pairs are referred to as
bidirectional promoters, indicating that the two TSS’s are close
enough to share the same upstream regulatory region (Adachi and
Lieber 2002; Koyanagi et al. 2005). Genes positioned in a head-to-
head orientation show overall higher correlation of expression
than those arranged in other orientations (Herr and Harris 2004;
Yang and Yu 2009). However, there are also head-to-head gene
pairs whose expression is not correlated or is negatively correlated
in both humans and Drosophila (Herr and Harris 2004; Li et al.
2006). Interestingly, close head-to-head gene pairs in Drosophila
species tend to have higher rearrangement rates during evolution
(Weber and Hurst 2011), suggesting that they are not constrained
in their genomic location and that they do not share common
regulatory sequences. Drosophila must then possess mechanisms to
functionally separate closely apposed genes in a head-to-head
orientation in order for these genes to be independently regulated.
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Insulators have been shown to contribute to the establish-
ment of specific patterns of chromatin organization important for
regulation of transcription by, at least in part, regulating inter-
actions between enhancers and promoters (Phillips and Corces
2009; Handoko et al. 2011; Yang and Corces 2011). In Drosophila
there are several types of insulators differentially distributed
throughout the genome in a manner suggestive of distinct func-
tions in gene expression (Bushey et al. 2009; Negre et al. 2010).
BEAF-32 is the DNA-binding protein for one of these insulators with
arole in the recruitment of other components to specific sites in the
genome. In D. melanogaster, BEAF-32 associates preferentially with
actively transcribed genes, although the specific mechanism by
which it affects gene expression is not known (Bushey et al. 2009;
Jiang et al. 2009). Here we identify the BEAF-32 insulator as a cis
element located between head-to-head genes to attain differential
regulation of transcription. Changes in cis regulatory sequences
represent an important source of variability necessary for divergence
between species (Borneman et al. 2007; Odom et al. 2007; Schmidt
et al. 2010). A large number of chromosome rearrangements have
taken place during Drosophila speciation that have resulted in
changes in the location of genes in the genome (Drosophila 12
Genomes Consortium 2007). Given the presence of the BEAF-32
insulator between close head-to-head gene pairs, we mapped the
binding profiles of BEAF-32 in different Drosophila species and
investigated changes in the pattern of BEAF-32 localization dur-
ing the evolution of Drosophila species. Comparison between
changes in BEAF-32 insulator distribution and gene location in
different Drosophila species enabled us to establish correlations
between changes in genome organization and function.

Results

BEAF-32 specifically associates with close head-to-head
gene pairs

We first used the latest annotation of the D. melanogaster genome
to examine the frequency of gene pairs. We found that 28% of
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genes are in a head-to-head orientation with intergenic regions
shorter than 1 kb. This fraction is much higher than that found in
other eukaryotes, including other insect species, in which the
proportion of close head-to-head gene pairs ranges between 8%
and 18% (Fig. 1A; Supplemental Table S1; Li et al. 2006; Dhadi
et al. 2009). It is unlikely that such large numbers of genes are
coregulated in Drosophila but not in other species, suggesting the
existence of Drosophila-specific mechanisms to maintain in-
dependent regulation of close head-to-head gene pairs. Insulators
are good candidates to perform such function given their ability
to regulate enhancer—promoter interactions. More specifically,
the BEAF-32 insulator protein is highly conserved in Drosophila
and its presence appears to be restricted to this genus (Schoborg
and Labrador 2010). We therefore examined the genome-wide
distribution of BEAF-32 in D. melanogaster embryos using ChIP-
seq, and found BEAF-32 frequently located between close adja-

BEAF-32, but not to transcription factors, factors for general
transcription, other promoter-associated factors, or other in-
sulator proteins (Fig. 1C; Supplemental Fig. S2).

One consequence of the arrangement of genes in pairs in
a head-to-head orientation is shorter distances between the TSS's
compared with other possible orientations (head-to-tail, tail-to-
tail, or tail-to-head) (Supplemental Fig. S3A-B). We thus exam-
ined the distance between TSS’s flanking BEAF-32 binding sites in
D. melanogaster and confirmed that BEAF-32-associated TSS’s
have a close neighboring TSS. The distance between the two TSS’s
peaked at 300-400 bp (Fig. 1D; Supplemental Fig. S3C). A total of
66% (1042/1563) of close head-to-head gene pairs (distance <500
bp) contain BEAF-32 binding sites, while only 36% (506/1400)
distant head-to-head gene pairs (distance >1 kb) contain BEAF-32
binding sites between the two genes (P< 1 X 10~*). Thus, BEAF-32
preferentially associates with close head-to-head gene pairs.

cent genes oriented head-to-head (Fig. 1B). This is consistent with
previous reports suggesting that ~50% of BEAF-32-associated
genes are arranged in a head-to-head orientation (Jiang et al.
2009). Based on the genomic distribution of BEAF-32 relative to
genes, 50% is significantly greater than expected (P < 1 X 10™%)
(Fig. 1C; Supplemental Fig. S1). This enrichment is unique to

are not coexpressed

B
BEAF-32 enriched region

Gene I-I II--I. IIIIII.III

BEAF
(raw readsl_L_ il ﬂ = | ll 1

=l

BEAF-32 depleted region

% of genes in head-to-head
pairs (<1kb)

Gene | M I u
I n
BEAF
== Genome size —#— Percentage of pairs (raw reads)
Cc D
f=]
60 | 8
50 | _— —— Al pairs (12402)
® 40 + 3 —— BEAF-32 pairs (3640)
= | = 8 —— twist pairs (3601)
230 5 —— snail pairs (1793)
5 | = expected s
R 20 | E
I " observed z 3 |
10 -
0 | : : ° T T T T T
Q. N e N
el O
dﬁ‘ @ r’}x Q,@ 0 2000 4000 6000 8000 10000
A Distance between TSSs (bp)
Figure 1. BEAF-32 specifically associates with close head-to-head gene pairs. (A) Genome size and

percentage of genes in head-to-head gene pairs in different eukaryotic genomes. There is a high pro-
portion of head-to-head gene pairs in the compact D. melanogaster genome compared with other
species. (B) Snapshot of two regions of the D. melanogaster genome showing BEAF-32 binding sites
associate with close head-to-head gene pairs. The top track represents genes. Genes above the line are
transcribed from the plus strand and genes below the line are transcribed from the minus strand. The
bottom track represents sites of BEAF-32 localization in the region; signal corresponds to the number of
raw reads from ChlIP-seq analysis. (C) Percentage of head-to-head gene pairs flanking different proteins.
BEAF-32 associated pairs are significantly enriched for head-to-head gene pairs compared with the
genome-wide expectation as well as compared with other proteins. The error bars are from the results of
different data sets. The expected and observed fraction of gene pairs was calculated independently for
each data set, and the mean and standard deviation were then determined. For BEAF-32, we used data
sets obtained using embryos from this study and modEncode, and S2 cells. For TWI or SNA, we used
data sets from different biological repeats. For SMC1, we used data sets for cell lines K¢, S2, and Bg3. (D)
Distribution of distances between TSS’s for genes flanking BEAF-32 and transcription factors. The
number in parentheses is the total number of gene pairs in each category. BEAF-32 frequently associates
with adjacent gene pairs close to each other.

BEAF-32-associated close head-to-head gene pairs

Close head-to-head genes tend to be coregulated in D. melanogaster
compared with distant head-to-head genes or genes not in a head-

to-head orientation, as there is a higher
proportion of coexpression for close head-
to-head gene pairs (Fig. 2A; Supplemental
Fig. S4). However, the correlation in ex-
pression for the two genes in close head-
to-head gene pairs is spread over a broad
range. In addition to a peak of high cor-
relation, the distribution also shows a
second peak at a value indicative of no
correlation (Fig. 2A). Therefore, there are
close head-to-head gene pairs whose ex-
pression is not correlated or is negatively
correlated (correlation <0.1). For these
gene pairs, ~60% (150/251) have BEAF-
32 binding sites between the genes. In
contrast, <20% (6/33) of highly coex-
pressed gene pairs (correlation >0.9)
have BEAF-32 (P < 4 X 107%). Over 80%
(27/33) of highly correlated head-to-
head genes do not harbor BEAF-32
binding sites between them. Herr and
colleagues have examined the coexpres-
sion of eight head-to-head gene pairs
spatially and temporally during embry-
onic stages of Drosophila development
(Brogiolo et al. 2001; Renault et al. 2002;
Herr et al. 2003, 2004; Herr and Harris
2004). For the two gene pairs found to
be highly coexpressed, we examined the
presence of BEAF-32 and found that
there is no BEAF-32 binding signal be-
tween the genes. A similar analysis
shows that BEAF-32 is present in the two
gene pairs containing genes that are ex-
pressed differently (Fig. 2C; Supple-
mental Table S2). These results suggest
a correlation between the presence of
BEAF-32 between two close adjacent
genes and their ability to be indepen-
dently regulated.
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affect one of the genes but not the other.
However, if the two genes in a pair are not
separately regulated, they are likely to

respond in the same way to changes in
regulation. To test this hypothesis, we ex-
amined changes in the transcription pro-
file resulting from mutations in SOX14,
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Figure 2. BEAF-32-associated close head-to-head genes are not coexpressed. (A) Distribution of the
correlation of expression for the two genes in close head-to-head gene pairs (distance <500 bp). (Red
arrow) Secondary peak for enrichment of genes that are not coregulated. (B) Percentage of gene pairs
associated or not associated with BEAF-32 binding sites present between coexpressed and non-
coexpressed genes in close head-to-head gene pairs. (C) Examples of BEAF-32 location in coexpressed and
non-coexpressed gene pairs. The blocks indicate genes with FlyBase IDs. Blocks on top of the track are
transcribed from the plus strand, and blocks at the bottom of the track are transcribed from the minus
strand. The tracks under the gene tracks show the location of BEAF-32 signal with raw reads from ChlIP-seq.
The symbol “co-ex” represents the level of coexpression between the two genes. Detailed information
about the expression of these genes is presented in Supplemental Table S2.

BEAF-32 separates close head-to-head genes with different
patterns of transcription regulation

To understand the mechanisms by which the presence of BEAF-32
allows genes to be differentially regulated, we compared the dis-
tribution of BEAF-32 binding sites with the mapped landscape of
histone modifications in the D. melanogaster genome (Kharchenko
et al. 2011; Negre et al. 2011). We aligned the map of BEAF-32
binding sites with histone modification data, both obtained in S2
cells (Fig. 3A; Supplemental Fig. S5). Consistent with the associa-
tion between BEAF-32 and active genes, we found that BEAF-32
clusters with active histone marks and not with repressive marks.
Histone marks for active TSS’s, such as H3K4me3, are present on
both sides of BEAF-32 binding sites between pairs of genes oriented
head to head (Fig. 3B,C). Interestingly, histone modifications such
as H4K8ac, H3K18ac, and H3K27ac are present at only one of the
TSS’s of the two genes in each pair, and the signal is reduced to
background levels at the other TSS (Fig. 3D-F). In Drosophila,
H3K18ac and H3K27ac are thought to be produced by the acetyl-
transferase CREB binding protein (CBP), which is present at en-
hancers and promoters (Tie et al. 2009). The presence of these
histone modifications adjacent to TSS’s is suggestive of interac-
tions between the enhancer and promoter that lead to activation
of transcription. Thus, the asymmetric distribution of histone
marks at the two TSS’s suggests that BEAF-32 may separate two
genes that are differentially transcribed, even though they share
the same upstream region.

If this conclusion is true, changing the effect of putative
regulatory sequences located in the intergenic region would only
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Not co-expressed gene pairs

FBgn0039774
FBgn0036773 |
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which is a D. melanogaster transcription
factor (Ritter and Beckstead 2010). Among
the 271 genes not associated with BEAF-
32, 68 (25%) change their transcription in
the same direction as their neighbor when
SOX14 is mutant. However, only four out
of 88 (4.5%) of BEAF-32-associated genes
change simultaneously with their neigh-
bor (P < 2 X 107%), a fivefold difference
with respect to genes not associated with
BEAF-32 (Fig. 3G).

Other histone modifications char-

FBgn0051542 acteristic of transcription activation, such
_— as H4K5ac, H4K8ac, and H4K16ac, are

also distributed differently at the two sides

A A = of BEAF-32 binding sites (Fig. 3A,D).

H4KS5ac has been reported as a histone
modification present in genes book-
marked during mitosis (Zhao et al. 2011)
and H4K16ac is the product of the acetyl-
transferase MOF, which functions at en-
hancers and promoters of X-linked and
autosomal genes (Zippo et al. 2009). Both
modifications are indicative of transcrip-
tion activation, enforcing the conclusion
that BEAF-32 is present between close
head-to-head genes in small genomes, such as those of Drosophila
species, to separate the TSS’s of two different genes that need to be
differentially regulated.

Conservation and diversity of BEAF-32 insulators across
the Drosophila species

Since BEAF-32 appears to functionally separate close head-to-head
genes, gain or loss of BEAF-32 binding during evolution may pre-
vent or allow adjacent genes to be affected by neighboring regu-
latory sequences, leading to changes in gene expression. In order
to investigate the role of BEAF-32 during the evolution of the
Drosophila species, we systematically compared its binding site dis-
tribution in four Drosophila genomes, D. melanogaster, D. simulans,
D. pseudoobscura, and D. virilis. For the larger genome of species such
as D. virilis, we sequenced twice the number of tags as in D. mela-
nogaster to reach equal coverage for all of the genomes studied
(Supplemental Table S3). Genome wide, BEAF-32 shows a similar
binding distribution with respect to TSS’s, gene bodies, and in-
tergenic regions across the four species, with a preference for se-
quences close to TSS’s (Fig. 4A). The association of BEAF-32 with
head-to-head gene pairs is conserved in all four species (Fig. 4B),
suggesting a conserved function in Drosophila. The consensus
motifs identified for BEAF-32 binding sites are virtually identical
among the four species (Fig. 4C), consistent with the protein
conservation, particularly in the DNA-binding domain.

Since BEAF-32 is significantly associated with gene pairs, in
order to investigate changes in the profile of BEAF-32 binding in
the genome of different Drosophila species we developed a gene-
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Figure 3.

pair centric analysis pipeline. To do so, we examined whether
a BEAF-32 binding site present in the intergenic region of a gene
pair in one species was also present in the corresponding intergenic
region of the gene pair in the second species (see Methods). With
this pipeline, we pooled all of the BEAF-32 binding sites from the
four species and scored the presence of BEAF-32 at each site in each
of the species (Supplemental Table S4). Using Cluster 3.0, we then
clustered the pattern of BEAF-32 binding among the four species.
The results of this clustering agree well with the evolutionary tree
of these species (Supplemental Fig. S6A).

To quantitatively investigate differences in the distribution of
BEAF-32 sites between species using this pipeline, we then analyzed
the conservation of BEAF-32 binding between D. melanogaster,
which has the best-annotated genome, and other species. In this
D. melanogaster centric comparison we examined the occupancy
of BEAF-32 on orthologous chromosomal regions between D.
melanogaster and each of the three other species (Supplemental
Table S5). The fraction of nonconserved binding sites ranges from
3% in D. simulans to 29% in D. virilis (Supplemental Fig. S6B). The
difference increases appropriately with the molecular distance
between these genomes, suggesting that the divergence follows
the molecular clock. This relationship fits a simple linear regres-
sion, with an estimated divergence rate of BEAF-32 binding of
0.6% per Myr (R? > 0.99) (Fig. 4D). This estimate may be affected
by the quality of the data, although ChIP-seq gives relatively low
false-positive or negative results. This divergence rate is higher
than the nonsynonymous nucleotide substitution rate of 0.4% per
Myr, but lower than the synonymous nucleotide substitution rate

-15001000-500 0 500 10001500

-15001000-500 0 500 10001500

wio BEAF-32 w/ BEAF-32

under selection. We thus examined pos-
sible changes in the DNA sequence at
BEAF-32 binding sites. Since the motif for
BEAF-32 binding is conserved in the four
Drosophila species (Fig. 4C), we searched
for the presence of this motif at the
orthologous regions in their genomes.
The results confirm changes in the DNA
sequence consistent with the loss of the
BEAF-32 binding motif, specifically in
the species where BEAF-32 binding is lost
(Fig. 4E,F). Thus, the function of BEAF-32
is conserved in the Drosophila species,
but gain or loss of specific binding sites is
under selection during the evolution of
these species.

==
Changes of BEAF-32 insulator

localization correlate with alterations
in genome organization during
Drosophila evolution

BEAF-32 separates close head-to-head gene pairs to achieve differential regulation of
transcription. (A) Alignment and clustering of BEAF-32 and histone modifications in D. melanogaster S2
cells. All sites were identified and aligned using ChromaSig. Each lane represents a 3-kb region. Clusters
|-V grouped here are clusters with BEAF-32 binding from Supplemental Figure S5. (B-F) Mean value of
enrichment for sites in cluster I. Site 0 is the site where BEAF-32 is enriched. Each figure represents a 3-kb
region flanking site 0. Each colored line represents a different type of gene pair arrangement case in
cluster I: head-to-head (red), tail-to-head (blue), and head-to-tail (green). (G) Fraction of gene pairs
whose expression changes significantly in the same up or down direction in Sox74 mutant animals.
Changes are considered significant when the difference is at least threefold.

Two obvious changes affecting Drosophila
genomes during evolution are alterations
in genome size and chromosome rear-
rangements. How does BEAF-32 contrib-
ute to the function of the genome after
such changes? Since BEAF-32 is preferen-
tially located between close divergently
transcribed genes, BEAF-32 binding sites
may change along with variations of dis-
tance between the genes. The four Drosophila species examined
show differences in gene density across their genomes. Compared
with D. melanogaster, the genome size of D. virilis is 46% larger
and gene density decreases from 116 to 85 genes per megabase
(Drosophila 12 Genomes Consortium 2007). At the same time, 32%
of all gene pairs have BEAF-32 binding sites in D. melanogaster,
whereas the fraction is reduced to 15% in D. virilis (Fig. 5A). For
example, the intergenic region between the genes myoglianin and
eyeless contains a functional BEAF-32 binding site in D. melanogaster
(Sultana et al. 2011), but not in D. virilis. The distance between the
two TSS’s increased 10 times in D. virilis, and this change correlates
with the loss of the BEAF-32 binding site in this species or the gain in
D. melanogaster (Fig. 5B). For D. simulans and D. pseudoobscura, the
fraction of gene pairs remains around 28%, and their gene density is
similar to that of D. melanogaster (Fig. 5A). Therefore, BEAF-32 may
be recruited to intergenic regions between close TSS’s when the
distance between the two genes decreases, or may be lost when the
distance between genes increases.

When we examined the association between nonconserved
BEAF-32 sites and chromosome rearrangements we found two
types of nonconserved BEAF-32 binding sites. For the first type, the
changes of BEAF-32 binding co-occur with chromosomal rear-
rangements, since the genes flanking these BEAF-32 binding sites
have different neighbors in the two species. In this case, BEAF-32
binding is gained or lost when the arrangement between gene
pairs is altered. There are 87%, 41%, and 55% nonconserved BEAF-
32 binding sites at regions where genes have been rearranged in
D. simulans, D. pseudoobscura, and D. virilis, respectively (Fig. 5C).
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Figure 4. Conservation and divergence of BEAF-32 sites in Drosophila
species. (A) Distribution of BEAF-32 binding sites with respect to various
gene landmarks. (B) Percentage of various gene pair combinations flank-
ing BEAF-32 binding sites; (ht) head-to-tail; (hh) head-to-head; (tt) tail-to-
tail; (th) tail-to-head. BEAF-32 association with head-to-head gene pairs is
conserved. (C) Consensus motif for BEAF-32 occupied sequences in the four
species. (D) Correlation of BEAF-32 binding divergence with evolutionary
distance between D. melanogaster and other species. (Y-axis) Percentage of
BEAF-32 binding sites that are not conserved in the other three species with
respect to all BEAF-32 binding sites in D. melanogaster. (E,F) Species-specific
loss of BEAF-32 binding associates with species-specific loss of the BEAF-32
motif in the DNA sequence. (Dark blue bars) Background absence of the
BEAF-32 motif for all BEAF-32-associated gene pairs in each species. (Light
blue bars) Absence of the BEAF-32 motif for a group of gene pairs with BEAF-
32 binding lost only in D. pseudoobscura (E) or only in D. virilis (F).

Most nonconserved binding sites in D. simulans are of the first
type. For the second type of nonconserved BEAF-32 binding sites,
gain/loss of binding sites does not associate with changes in
chromosomal organization, as they are located at intergenic regions
between the same gene pairs in the two species being compared.
There are only nine (13%) nonconserved binding sites of the second
type in D. simulans. However, D. pseudoobscura and D. virilis show
a higher frequency of changes in BEAF-32 binding not associated
with rearrangements compared with D. melanogaster; the number of
these events are 145 (59%) and 308 (45%), respectively (Fig. 5C).
Phenotypically, D. simulans looks more like D. melanogaster, while
the other two species are more different. The results may suggest
that the first type of nonconserved binding sites may help maintain
proper expression patterns in newly rearranged genes, whereas the
second type may result in alterations in the regulation of tran-
scription of flanking genes that may contribute to phenotypic dif-
ferences between the species.

Alterations in BEAF-32 insulator localization correlate
with changes of genome function during Drosophila evolution

Genes flanking BEAF-32 sites are preferentially involved in meta-
bolic processes that are also known to affect body size (Carreira
et al. 2008; Bushey et al. 2009). Thus, it is possible that changes in
gene expression arising as a consequence of the gain or loss of
BEAF-32 binding may affect body size, which is also one of the
most obvious phenotypic differences among the Drosophila species
studied. In a screen for mutations that alter body size in D. mela-
nogaster, 26 mutations were identified containing P-element in-
sertions in intergenic regions (Carreira et al. 2008). We examined
these mutations and found that eight map to regions containing
BEAF-32 binding sites. Out of these eight regions, six (75%) show
loss of BEAF-32 binding in D. virilis (Fig. SD; Supplemental Table
S6,). These changes in BEAF-32 binding cannot be explained solely
by the increase in genome size and distance between genes that
took place in D. virilis, as the 75% difference is significantly higher
than the overall genome-wide difference for BEAF-32 binding
(29%) between the two species (P< 4 X 107%). For these intergenic
regions, the distance between genes has not changed apprecia-
bly, but BEAF-32 binding is lost in D. virilis compared with
D. melanogaster. Gain or loss of BEAF-32 binding may alter the ex-
pression of one or more genes flanking BEAF-32 sites in this region,
which may lead to changes in body size.

Thus, during Drosophila evolution, BEAF-32 binding sites are
gained or lost with or without change in gene location, to either
maintain transcription or allow for diversity. After the genomic
location of genes is altered, genes may be brought close to a new
neighboring gene, and the proximity to new regulatory sequences
in the adjacent gene may alter their expression pattern. The pres-
ence of BEAF-32 binding sites may permit the two new neighbor-
ing genes to maintain their original expression patterns (Fig. 6). In
addition, in the absence of chromosome rearrangements, alter-
ations in BEAF-32 binding may result in changes in the expression
profile of one or more genes, resulting in the appearance of new
complex traits, such as those affecting body size (Fig. 6). Therefore,
other than evolutionary changes of protein structure and func-
tion, which are certainly contributing to phenotypic divergence
among species, gene expression in general also underlies phe-
notypic diversity.

Discussion

Here we show that the presence of BEAF-32 between close adjacent
genes arranged in a head-to-head orientation correlates with dif-
ferent transcription regulatory patterns in the two genes of the pair
in Drosophila. Close head-to-head gene pairs exist in almost all
eukaryotes, but it is not known whether other species also use this
strategy in order to maintain independent regulation of adjacent
genes. In humans, genes present in head-to-head gene pairs also
show a bimodal distribution in the correlation of expression (Li
et al. 2006). In addition to the peak indicative of high correlation,
there is also a peak of enrichment of gene pairs whose expression
is not correlated. For these pairs, it is reasonable to predict the
existence of regulatory mechanisms that functionally separate the
two genes in order to attain the observed differential transcrip-
tion. BEAF-32 is restricted to the Drosophila species (Schoborg and
Labrador 2010), and mammalian cells may use other insulator
proteins to accomplish this goal. In Drosophila there are several
types of insulator elements that show different genomic distribu-
tions with respect to genes (Bushey et al. 2009; Negre et al. 2010).
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tion. For these gene pairs, maximum fit-
ness will select for separation of the genes
in order to attain differential expression
of the two genes in the pair. One strategy
to accomplish this is functional separation
by recruiting insulator proteins. Alterna-
tively, chromosomal rearrangements may
physically separate the two genes. How-
ever, in an already compact genome like
that of Drosophila, it may be difficult to
organize all non-coexpressed genes apart
from each other. Thus, a strategy relying
on functionally separating the members
of head-to-head gene pairs may be more
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Figure 5. Changes in BEAF-32 binding correlate with changes in genome organization and function.
(A) BEAF-32 density decreases as gene density declines. (Left y-axis) Percentage of gene pairs containing
BEAF-32 with respect to all well-mapped gene pairs and is a measure of BEAF-32 density. (Right y-axis)
Number of genes per megabase as a measure of gene density. (B) Arrangement of the myoglianin and
eyeless genes and location of BEAF-32 binding sites. Light-green shadowing indicates the orthologous
genes in D. virilis. (C) Percentage of divergent BEAF-32 binding sites that either associate or do not
associate with chromosome rearrangement between D. melanogaster and the species listed. The
numbers above the bar indicate the number of cases in each category. (D) An example of gene ar-
rangement and location of BEAF-32 binding sites in a region whose mutation affects body size in D.
melanogaster is shown for four different species. The mutation affecting body size results in alteration of
sequences in the intergenic region encompassing the BEAF-32 binding site in D. melanogaster. Light-
green shadowing represents the four orthologous regions in each of the Drosophila species.

The distribution of the dCTCF insulator partially overlaps that of
BEAF-32. Since CTCF is conserved between Drosophila and humans
(Moon et al. 2005; Schoborg and Labrador 2010), it is possible that
this protein functionally replaces BEAF-32 in maintaining differ-
ential transcription programs in genes located in close head-to-
head gene pairs. When the human genome was specifically ex-
amined for the organization of close head-to-head gene pairs,
those containing CTCF showed lower correlation of expression,
suggesting that this mechanism may be also conserved in humans
(Xie et al. 2007).

The organization of the genome that provides the highest
fitness should be selected during evolution. If coexpression of close
head-to-head gene pairs provides lower fitness, selection should
favor rearrangements that result in physical or functional separa-

effective. Our analysis has concentrated
on close adjacent genes that are diver-
gently transcribed, because this arrange-
ment facilitates analysis of the correla-
tion between the location of BEAF-32
and transcription patterns of the two
genes. Nevertheless, 38% of BEAF-32
binding sites associate with non-head-
to-head gene pairs. It is possible that
BEAF-32 plays a similar role in this situa-
tion in order to control interactions be-
tween regulatory sequences located in the
3’ region or introns of genes and adjacent
promoters from other genes. Although
information on the location of regulatory
sequences in the Drosophila genome is
becoming available, it is not yet known
which sequences regulate which genes.
In the absence of this information, it is
not possible at this time to evaluate the
possible role of BEAF-32 in maintaining
independent regulation of genes that are far apart and not in a
head-to-head orientation.

The organization of head-to-head gene pairs in both humans
and Drosophila is conserved during evolution, but the two mem-
bers of each pair are not precisely coregulated. The distribution of
expression correlation suggests that most gene pairs do not show
either high correlation or no correlation, but rather a relative level
of correlation (Fig. 2A; Li et al. 2006), suggesting that they may be
coregulated in certain developmental stages or specific tissues.
Coexpression is still important for the genes, but they are not
coregulated all of the time. Thus, the head-to-head orientation
needs to be maintained for coexpression, but it is also necessary to
separate genes when they are not coregulated. The profiles of ge-
nome distribution of different insulator proteins in different cell
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Figure 6. Simplified models for the role of BEAF-32 during evolution of
Drosophila species. (A) Two alternative possibilities explaining how alter-
ations in BEAF-32 binding may affect transcription. Blocks indicate genes.
(Black and white) Different transcription regulatory modes of the genes.
(Gray) Converged regulation for the two genes. Gain or loss of BEAF-32
binding when gene pairs are reorganized to maintain proper transcription
(top). Gain or loss of BEAF-32 binding when gene organization does not
change to create transcription diversity (bottom). (B) Phylogeny and
phenotype of Drosophila species analyzed in this study.

O

types suggest a certain degree of cell-type specificity in both
humans and Drosophila (Kim et al. 2007; Bushey et al. 2009;
Cuddapah et al. 2009). These observations point to a role for in-
sulators in coordinating genome organization and function dur-
ing evolution.

Methods

Fly stocks and other reagents

Oregon-R was used as the wild-type strain for D. melanogaster.
Strains for other species were obtained from the UC San Diego
Drosophila Species Stock Center. Stock numbers are ID 14021-
0251.195 for D. simulans, ID 14011-0121.94 for D. pseudoobscura,
and ID 15010-1051.87 for D. virilis. Flies were grown at 25°C. BEAF-
32B is the main BEAF-32 isoform and its sequence is highly con-
served (Supplemental Fig. 7). BEAF-32B antibodies were generated
against amino acids 1-83 of BEAF-32B in D. melanogaster (Bushey
et al. 2009). The polyclonal antibody cross-reacts with BEAF-32
orthologs in other Drosophila species and recognizes specific bands
on polytene chromosome squashes from salivary glands of the
species examined (Supplemental Fig. S8).

ChlP-seq

Chromatin IP was carried out using embryos. To match specific
developmental stages for embryos from each species, we deter-
mined the collecting time based on the length of the life cycle of
the various species (Markow and O’Grady 2005). The age of the
embryos used for chromatin immunoprecipitation was 0-8 h for
D. melanogaster, 0-8 h for D. simulans, 0-10 h for D. pseudoobscura,
and 0-12 h for D. virilis. ChIP was performed following published
procedures (Sandmann et al. 2007) with the following adjust-
ments. Two grams of embryos were used for two chromatin prep-
arations and extracts were sonicated 20 cycles (10 sec on/30 sec off)

on a Branson Sonifier 250 with output control set at 1.5. Li-
braries were prepared with the Illumina TruSeq DNA Sample
Preparation Kit and sequenced at the HudsonAlpha Institute for
Biotechnology.

Sequence analysis

For analysis of sequence data, we used genome sequence and an-
notations released on FlyBase, dmel_15.39, dsim_r1.3, dpse_r2.22,
and dvir_r1.2. Sequences were aligned to genomes using Bowtie
with indexes built for each genome. The output map files were
converted to bed format for each chromosome arm using the
VancouverShort package. Only aligned reads on the main chro-
mosomes were used to call peaks, as the small chromosome
segments are not well annotated. The main chromosomes in-
clude D. melanogaster: chr2L, chr2LHet, chr2R, chr2RHet, chr3L,
chr3LHet, chr3R, chr3RHet, chr4, and chrX; D. simulans: chr2L,
chr2R, chr3L, chr3R, chr4, and chrX; D. pseudoobscura: chr2,
chr3, chr4_group1-5, chrXL_groupla/le/3a/3b, chtXR_group3a/
5/6/8; D. virilis: scaffolds with more than 1000 reads. Peaks were
called using CCAT3.0. BEAF-32 associated genes were defined as
genes closest to each peak, and BEAF-32 associated pairs were
defined as nonoverlapping gene pairs flanking each peak. Both
genes in a gene pair are defined as BEAF-32 associated genes if
they flank BEAF-32 binding sites and are arranged in a head-to-
head orientation. For other orientations, only the closest gene is
defined as a BEAF-32 associated gene. Overlapping gene pairs
were discarded. Associated genes or pairs were called using a
custom script (available upon request). Only pairs with well-
mapped intergenic regions and a gap of <10% of the length of the
region or 300 bp were defined as well-mapped pairs.

Fraction of genes in head-to-head gene pairs in different species

Genome annotations for each species were downloaded from the
UCSC Genome Browser. For genes with alternative transcripts,
only the longest transcript was considered for analysis. We then
created a list of all possible nonoverlapping gene pairs and counted
the number of unique genes in all gene pairs as A. We then selected
the gene pairs in head-to-head combination and closer than 1 kb.
We counted the number of unique genes in these head-to-head
gene pairs as B. The fraction of genes in head-to-head gene pairs is
B/A. For D. melanogaster, we used four different annotation ver-
sions. The flybase-dmel5.39 annotation includes both coding and
noncoding genes, and the others include only coding genes. The
results are the same for all different versions. We carried out a
similar analysis with the latest genome annotation for H. sapiens
and M. musculus. The results are comparable to the values pre-
viously reported (Supplemental Table S1). Values for genome size
and percentage of genes in head-to-head orientation shown in
Figure 1A for H. sapiens, M. musculus, O. sativa, and A. thaliana were
obtained from the literature.

Calculation of the fraction of gene pair combinations
associated with various proteins

To calculate the expected fraction, we call P; the fraction of
TSS’s containing binding sites for a specific protein located in
the 500-bp upstream region of a gene in the genome, and P, the
fraction of protein binding sites 500-bp downstream from the
TTS. For all of the gene pairs in the genome, there are Ny, N, N3,
and Ny pairs for the head-to-tail, head-to-head, tail-to-tail, and
tail-to-head combinations, respectively. The expected number
of gene pairs bound by a specific protein is Ny X [1-(1 — P;) X
(1 =P2)], N2 X [1=(1 =P1) X (1 = P1)], N3 X [1=(1 = P2) X (1 = Py)],
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N4 X [1—(1 — P) X (1 — Py)] for each combination. The expected
fraction for each combination is then determined as the expected
numbers divided by the total number of gene pairs. To calculate
the observed fraction, we count the number of gene pairs (X) in
each category (head-to-tail, head-to-head, tail-to-tail, and tail-to-
head) present in the pool of total gene pairs associated with the
different proteins (T). Then, the observed fraction is obtained by
dividing X by T for each category.

Gene coexpression analysis

The expression value for each gene in each gene pair was extracted
from the table in modENCODE_3305 (http://submit.modencode.
org/submit/public/download/modENCODE_3305?root=data),
which includes expression scores for different cell lines and de-
velopmental stages from embryo to adult. Pearson correlations
were calculated for the expression scores for the two genes in each
pair across the cell lines and developmental stages.

Alignment of BEAF-32 and histone modifications

The clustering of BEAF-32 sites and alignment of BEAF-32 with
histone modifications were carried out using ChromaSig (Hon
et al. 2008). Since Drosophila genomes are smaller than the mam-
malian genomes for which this program was originally written, we
changed several parameters as follows: STAT_HALF_WINDOW_
SIZE = 1000 and OVERLAP_HALF WINDOW_SIZE = 1000. The
output of ChromaSig was viewed using custom scripts (available
upon request) and TreeView. To distinguish the differences between
the two sides flanking BEAF-32 binding sites, the direction in-
formation from the ChromaSig output was also incorporated for
graphical viewing.

Gene-pair-centric conservation analysis

BEAF-32 associated pairs are two nonoverlapping genes flanking
a BEAF-32 binding site. For a BEAF-32-associated pair composed of
genel and gene2 in species A, orthologous genes are found in table
gene_orthologs_fb_2011_07.tsv from FlyBase. Then the BEAF-32
binding signal is examined for the corresponding intergenic region
for genel or gene2 in the second species-species B. The term
“corresponding intergenic region” signifies that this region should
be downstream from genel or upstream of gene2 in species B if it is
downstream from genel and upstream of gene2 in species A. If
BEAF-32 is found at the corresponding intergenic region in species
B, it is determined to be conserved. For clustering analysis, all
BEAF-32 binding sites from the four species were pooled together.
Each site in each species is assigned a value of 1 if BEAF-32 is
present, —1 if BEAF-32 is not present, O if no ortholog is found, and
NA if the site is not mapped by ChIP-seq. The created matrix is
then clustered using hierarchical clustering in Cluster 3.0, and the
results were viewed using TreeView. For comparisons among spe-
cies, the conservation score was calculated based on the peaks
called by CCAT 3.0 using default parameters (enrichment value of
5). For the quantitative comparison between D. melanogaster and
other species, peaks used were called with an enrichment of 10 for
D. melanogaster and an enrichment of three for other species. Thus,
the regions called as nonconserved are the ones with at least
10-fold enrichment in D. melanogaster and at most threefold en-
richment in other species. At least a threefold difference was re-
quired to call a gain or loss of protein binding. To count the co-
occurrence of nonconserved BEAF-32 sites and chromosome
rearrangements, gene pairs flanking nonconserved BEAF-32 sites
in D. melanogaster are searched for their orthologous presence in
other species. If the two genes in the gene pair are still next to each

other and in the other species, it is counted as nonrearranged.
Otherwise, it is counted as having undergone a rearrangement.

Motif analysis

Consensus sequences were discovered using Weeder to analyze
BEAF-32 binding sequences obtained from peak files called with
CCAT 3.0 (Pavesi et al. 2004). Changes of sequences in the BEAF-32
binding sites were determined based on the 5-bp motif sequence
CGATA or its reverse complementary sequence TATCG in inter-
genic regions.

Other data sets

ChIP-chip results for BEAF-32, other insulator proteins, JIL1, and
histone modifications in S2 cells were obtained from modENCODE
(www.modencode.org/publications/integrative_fly_2010/) (The
modENCODE Consortium et al. 2010). ChIP-seq results for Twist
and Snail in embryo were obtained from the EMBL-EBI website
under accession code E-MTAB-376 (He et al. 2011). ChIP-chip data
for SMC1 was obtained from GEO under accession number GSE9248
(Misulovin et al. 2008). Expression data for Sox14 mutant animals
is from GSE23355 (Ritter and Beckstead 2010).

Data access

ChIP-seq data have been submitted to the NCBI Gene Expression
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under ac-
cession number GSE35648.
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