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ABSTRACT

The REDfly database provides a comprehensive cu-
ration of experimentally-validated Drosophila tran-
scriptional cis-regulatory elements and includes in-
formation on DNA sequence, experimental evidence,
patterns of regulated gene expression, and more.
Now in its thirteenth year, REDfly has grown to over
23 000 records of tested reporter gene constructs
and 2200 tested transcription factor binding sites.
Recent developments include the start of curation
of predicted cis-regulatory modules in addition to
experimentally-verified ones, improved search and
filtering, and increased interaction with the authors
of curated papers. An expanded data model that will
capture information on temporal aspects of gene
regulation, regulation in response to environmen-
tal and other non-developmental cues, sexually di-
morphic gene regulation, and non-endogenous (ec-
topic) aspects of reporter gene expression is un-
der development and expected to be in place within
the coming year. REDfly is freely accessible at http:
//redfly.ccr.buffalo.edu, and news about database up-
dates and new features can be followed on Twitter at
@REDfly database.

INTRODUCTION

Transcriptional regulation is a fundamental biological pro-
cess, but the identification, characterization, and incorpo-
ration into the genome annotation of metazoan transcrip-
tional cis-regulatory sequences is still surprisingly limited
relative to knowledge of other genomic features. A marked
exception is the Drosophila melanogaster genome, where a

dedicated effort has been made to curate the results of over
three decades of molecular and genetic characterization of
transcriptional cis-regulatory modules (CRMs) such as en-
hancers, silencers, and proximal promoter sequences in the
form of the Regulatory Element Database for Drosophila,
or REDfly (in keeping with previous usage (1,2) we use
CRM as a generic term to refer to transcriptional regula-
tory elements located outside of the core promoter region
which regulate gene expression in a spatio-temporal man-
ner). REDfly was established in 2006 (3) and merged with
the FlyReg DNaseI footprint database (4) in 2008 to cre-
ate a comprehensive database of Drosophila regulatory se-
quences, both CRMs and transcription factor binding sites
(TFBSs) (2). REDfly’s goal is to provide a single source for
information on knownDrosophilaCRMs and TFBSs along
with their DNA sequences, their associated genes, and the
expression patterns they direct.
Since its inception, REDfly has grown from a collection

of ∼600 CRMs to one of close to 17 000, with records
of more than 2000 TFBSs (Table 1). As the most com-
prehensive available resource for curated metazoan regu-
latory sequences, REDfly has proven valuable for many
research purposes, including the study of CRM biology
(e.g. 5,6–13); interpretation of genomic data from ChIP
and other chromatin-based studies (e.g. 14,15–22); empir-
ical and computational CRM discovery (e.g. 23,24–32), in-
cluding cross-species CRM discovery in and annotation
of non-drosophilid insect genomes (33,34); TFBS predic-
tion (35); regulatory network modeling (e.g. 36,37–41); and
CRM evolution (e.g. 42,43–48), plus numerous single-locus
studies of the regulation of specific genes.
In this update, we review changes and additions to RED-

fly since our last published description (1), and highlight
exciting forthcoming improvements expected over the next
year.
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Table 1. Comparison of REDfly contents, August 2011 and September 2018

REDfly v3.0 (1 August 2011) Current (1 September 2018) Fold change

RCs
Total 1351 23 193 17.2×
From in vivo reporter genes 1319 12 460 9.4×
From cell culture assays 18 10 445 580.3×
Associated genes 344 831 2.4×

CRMs
Total 1046 16 768 16.0×
From in vivo reporter genes 1027 6473 6.3×
From cell culture assays 11 10 273 933.9×
Associated genes 327 756 2.3×

TFBSs
Total 1662 2209 1.3×
Transcription factors 113 179 1.6×
Target genes 142 246 1.7×

Predicted CRMs
Total 0 8175 ∞

Publications curated
Total 483 810 1.7×

REDfly DATA CLASSES

Reporter constructs and inferred CRMs

From the beginning, REDfly’s philosophy has been to fo-
cus on empirically-testedDNA sequences, typically from re-
porter gene assays in transgenic animals (although other as-
says are also accepted, e.g. cell-culture-based reporter gene
assays). We define all sequences tested in this manner as Re-
porter Constructs (RCs), each of which has three associated
attributes: expression; CRM; and minimization (Figure 1A;
see (1) for more details). Expression has value ‘positive’ or
‘negative’ and describes whether or not the sequence was
observed to drive gene expression in the reporter gene assay.
RCs with positive expression have their expression patterns
annotated using the Drosophila anatomy ontology (49). An
RC is considered to be a CRM if it is the shortest of a set of
nested sequences with identical activity, or the only anno-
tated sequence covering a given set of genomic coordinates.
In cases where there are multiple nested RCs, the set of RCs
is said to have undergone ‘minimization.’
In 2011, we introduced a new class of data, the inferred

CRM (iCRM). Often, two overlapping sequences have the
same regulatory activity in vivo, which suggests that the
overlapping region may contain a minimal CRM (see figure
in (1)). These overlaps can arise fromRCs that were assayed
in different publications and therefore are only discovered
through integrated curation in REDfly; this is an increas-
ingly common occurrence as greater numbers of RCs are
tested in high-throughput assays. Note that because iCRMs
have no direct empirical evidence supporting their function,
they are not considered RCs by REDfly.

Predicted CRMs

While REDfly’s emphasis remains on empirically-validated
regulatory sequences, we recognize that both genomic and
computational methods have in recent years led to a great
many regulatory element predictions, for instance based
on ChIP-seq, ATAC-seq, or machine-learning (50). For re-
searchers interested in the regulation of a specific gene, there
is obvious value in being able to quickly assess whether
any CRMs have been predicted in its locus. Therefore, we

recently introduced a new data class, the predicted CRM
(pCRM). Like iCRMs, pCRM records appear in a separate
tab of the ‘results’ window. At present, search, display, and
download capabilities for pCRMs are limited, but increased
functionality is under development. pCRMs are not explic-
itly linked to potential target genes, but will be recovered in
searches for nearby genes when locus-based searching (en-
abled by default; see below) is employed.

Additional TFBS classes

We have continued to expand the annotation of TFBSs
by curating those confirmed using yeast one-hybrid as-
says, MARE/MITOMI (51) and surface plasmon reso-
nance (SPR), along with our previously-curated classes of
EMSA and DNaseI footprinting.

Discontinuation of information on syntenic relationships

REDfly v3.0 introduced information on the conservation
of local synteny between CRMs and the transcription start
sites (TSS) of their respective target genes. Although conser-
vation of synteny provides support for the annotated CRM-
target gene relationship, the effort of assessing this for each
new CRM has become disproportionate with the utility of
this feature and the needs of our user base. Therefore, as of
REDfly v5.4.2 we have removed this feature from the ‘ba-
sic information’ tab of the detailed record view and are no
longer determining whether newly-added CRMs maintain
synteny with their target genes. Legacy information on syn-
tenic state for older records can be obtained by request.

NEW RECORDS

The most significant change in REDfly since our last pub-
lished description is the growth in curated data (Table 1).
Thanks in large part to the increased feasibility of medium-
and high-throughput CRM discovery screens (50), as of
September 2018 the number of annotated RCs in REDfly
had grown over 17-fold, with a 2.4-fold increase in the num-
ber genes with at least one associated CRM. A more mod-
est 1.3× increase occurred for annotated TFBSs, while the
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Figure 1. Current and future REDfly reporter construct data models. (A)
A partial illustration of the current reporter construct (RC) data model,
showing an RC with its three basic attributes of expression, CRM, and
minimization, along with citation information. Citations are in the form
of a PubMed ID number (PMID). For RCs with positive expression, one
or more expression terms from the Drosophila anatomy ontology (‘FBbt’
terms) are associated with the record. Not included in the schematic are
additional associated data such as gene names, relevant figure panels, evi-
dence terms, and others. (B) The expanded RC data model under develop-
ment. In this new model, additional data are associated with each anno-
tated expression pattern, including a citation; the stages at which expres-
sion is observed (based on the Drosophila development ontology, ‘FBdv’);
a biological process (where relevant, e.g. ‘hypoxia’) drawn from the Gene
Ontology (‘GO’); the sex in which the expression is observed; and whether
or not the expression is ectopic relative to the known pattern of the asso-
ciated gene (when known). As in panel A, additional associated data such
as gene names are not shown in the schematic.

number of curated publications almost doubled. We expect
these numbers to continue to increase dramatically over the
next year, as we fold in the approximately 7000RCs from the
Janelia Farms collection (52) and continue to work through
our backlog of ∼300 papers. All regulatory features are
stored inREDfly as nucleotide sequences and automatically
mapped to both release 6 (dm6/August 2014) and release 5
(dm3/April 2006) genome coordinates, using BLAT (53).
One consequence of the growth in large CRM-discovery

screens is that regulatory sequences are not always easily
matched to their target genes. In cases where authors have
not assigned a target gene and where the assignment is not
obvious, target genes are listed as ‘unspecified.’ Although
initially aminor category, RCs with unspecified target genes
now comprise over 35% of the total. Thus, while fewer than
6% of Drosophila genes have an explicitly associated CRM,
the number of genes for which an associated CRM resides
in the database is probably substantially higher. Neverthe-
less, these numbers suggest that extensive discovery, char-
acterization, and curation of CRMs still remain to be per-
formed. To ensure that RCs annotated with ‘unspecified’
targets are not missed when searching the database, we have
implemented ‘locus-based’ searching (see below) as the de-
fault option.

USER INTERFACE

In November 2017, we overhauled the REDfly site to pro-
vide a more contemporary look and feel. The web inter-
face is now fully adaptive and should provide a similar user
experience on a desktop, tablet, or mobile device. Display
of search results remains essentially unchanged, with a re-
sults summary pane located directly below the search pane
andmultiply-tabbed detailed results available by clicking on
a row of the results summary table. However, several new
search options have been implemented as default settings.

Locus-based searching

The simplest way to search REDfly, and the entry point
for the majority of users, is to enter a gene name using the
drop-down list in the ‘Gene Name/FBgn’ box. This worked
well for early versions of REDfly, where almost every RC
record was explicitly associated with a target gene. How-
ever, as REDfly has grown and as high-throughput assays
have begun testing large numbers of RCs whose target genes
are unknown or uncertain, searching by gene name runs the
risk of missing regulatory elements lying near to a gene of
interest but annotated as having an ‘unspecified’ target, or
which are associated with a different nearby gene. The de-
fault search behavior has therefore been set to search ‘by
locus,’ which will retrieve all records with the current gene
name, but also all other RCs and TFBSs within a defined re-
gion surrounding the named gene. The size of this retrieval
locus defaults to 10 000 bp upstream and downstream of
the named gene, but can be customized using the ‘Search
Range Interval’ box in the Advanced Search pane. Search-
ing can be toggled from ‘by locus’ to ‘by name’ (which will
restrict results to only RCs/TFBSs specifically annotated
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with the entered gene name) using the buttons below the
‘Gene Name/FBgn’ box.

‘Exclude cell culture only’

High-throughput methods such as STARR-seq (54) are ca-
pable of generating thousands of tested RCs, but these as-
says are restricted to a single cell type (e.g. S2 or Kc167
cells). In order to prevent search results from being dom-
inated by RCs with proven function in only a single cell
type, REDfly searches by default will not return Reporter
Construct/CRM records discovered exclusively through
cell-culture based assays. However, such results can easily be
included by unchecking the ‘Exclude Cell Line Only’ box to
the right of the ‘Search’ button. Users interested in results
froma specific cell type can search for that cell type using the
‘Ontology/Expression Term’ search box under Advanced
Search.

A note on ‘Notes’

Various features of curated REDfly data, such as reporter
gene expression intensity, gene expression regulated in re-
sponse to specific environmental conditions, or aspects of
expression pattern that are not easily describable using the
Drosophila anatomy ontology, do not fit easily into the spe-
cific data fields available for each record. Some of these will
be addressed by an expanded REDfly data model currently
under development (see below). Meanwhile, such data can
be found in the ‘Notes’ tab available in each detailed record
view. The notes provide free-text elaboration on the core
data for each record. Importantly, this field also holds sup-
plementary citation data, for instance where a subsequent
study adds to what is known about a previously-described
CRM, as we transition to a data model where multiple cita-
tions can be associatedwith a single record.While this infor-
mation may be of less use for bulk studies of large numbers
of CRMs, researchers interested in details about a specific
RC/CRM or TFBS are especially encouraged to view the
Notes field for the most complete information about each
regulatory sequence.

RELEASES AND VERSIONING

As of REDfly v5.0, REDfly moved away from a continu-
ous data release policy to intermittent versioned releases.
This provides users with a simpler way of keeping track of
changes to the REDfly data. Recently, we have separated
the way that updates to REDfly content and updates to the
database codebase are versioned. Version numbers now re-
flect changes to the codebase and database features, whereas
content updates are listed by date in the website header. We
anticipate data updates at approximately bimonthly inter-
vals, at which time we will also update gene names and IDs,
the anatomy ontology, and other data from external sources
such as FlyBase (55).

COMMUNITY INTERACTION

Dissemination

REDfly has adopted Twitter as our primary means of com-
municating with the user community (@REDfly database).

Twitter has a strong user base in the scientific community
and provides a convenient way for disseminating informa-
tion on updates, notable new features, and occasional per-
formance issues or server downtime.

Author feedback

To help insure the accuracy of our regulatory element anno-
tation, we have implemented an automated author feedback
system for new data entries. Upon completion of curation
of a paper, an email is automatically sent to the correspond-
ing author with a summary of the extracted information as
it will appear in REDfly. Authors then have the option of
simply checking an ‘all OK’ box and replying to the email,
or sending detailed corrections if deemed necessary. As on
average there is a lag of approximately one month between
curation and data release, this provides the curators ample
time to make corrections based on author feedback.

Sharing with other databases

REDfly data are shared with both FlyBase (55) and Fly-
Mine (56), providing easy community access to Drosophila
regulatory sequence data. FlyBase imports the REDfly
CRM data into the Drosophila genome annotation, where
it makes up over 85% of the currently-included ‘regula-
tory regions’ and ‘enhancers.’

IMPLEMENTATION CHANGES

The size and complexity of the REDfly application
continues to grow as we include more features and com-
puted entities. To help manage the complexity of the
codebase, we have organized it into a more flexible and
maintainable structure using the Command-QueryRespon-
sibility Segregation (CQRS) paradigm (‘Command–query
separation,’ Wikipedia, The Free Encyclopedia, https:
//en.wikipedia.org/w/index.php?title=Command%E2%
80%93query separation&oldid=849207740 [accessed
4 September 2018]). While similar to our previous
paradigm––Model View Controller (MVC)––CQRS sepa-
rates read and write operations on the data model allowing
for more streamlined application logic at the controller
level and improves support for asynchronous operations,
such as simultaneous querying of multiple external data
sources. This is beneficial for supporting our curation
workflow in cases where a curator uploads a large number
of new entries at once, as it allows us to efficiently query
several disparate data feeds to gather necessary related
information.
The database implementation has also been modified

to improve query response times for the user to mitigate
searching over REDfly’s larger and more complex data set,
and to more easily support the curation of new data fields
while work is underway on the user interface elements
necessary to make these data available to the REDfly
users. Two separate databases are now used: a curation and
search database. The curation database is optimized for the
workflow of uploading, verifying, and editing data entries.
It also supports the addition of data elements that are being
collected but have not yet been released to the end user
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such as developmental staging information (see below).
The search database, on the other hand, is optimized for
query speed and structured to support the current search
interface without requiring any changes to the search code
until features are ready for release. A simple adapter (e.g. set
of SQL queries) automatically creates the search database
from the curation database by implementing a database
projection (‘Projection (relational algebra),’Wikipedia, The
Free Encyclopedia, https://en.wikipedia.org/w/index.php?
title=Projection (relational algebra)&oldid=854572829
[accessed 4 September 2018]), essentially selecting specific
information in the proper format required by the search
implementation.

FORTHCOMING DEVELOPMENTS

REDfly is engaged in a major development effort, and a
number of important new features are slated to be intro-
duced in the coming year. Chief among these is a long-
awaited update to the basic data model for Reporter Con-
structs. Currently, RCs that are positive for expression are
annotated only with a list of expression patterns. Starting
withREDfly v6.0, expression datawill be annotatedwith an
expanded list of attributes (Figure 1B). Every listed expres-
sion pattern will be linked with the stage(s) of development
at which this expression is observed, and an indicator for
whether that expression pattern is consistent with or ectopic
to that of the assigned target gene. Sexually dimorphic ex-
pression differences will be captured by assigning each listed
pattern to either males, females, or both sexes. Incorpora-
tion of terms from the Gene Ontology (57,58) will allow for
proper annotation of regulatory elements that respond to
specific signals or environmental cues (e.g. wound healing,
hypoxia). Moreover, RCs will be able to be associated with
more than one ‘evidence type’ to better capture the range
of experimental evidence for each regulatory sequence. For
RCs where additional functional information has been pub-
lished subsequent to the initial report of the construct, sec-
ondary PMIDs (citation data) will be able to be associated
with the record, to better credit the researchers who have
contributed to characterization of the regulatory element.
All of these attributes will be fully available for sophisticated
searching utilizing an improved search interface. iCRMs
and pCRMs will also be made fully searchable.

CONCLUSION

Fitting for a resource entering its Bar Mitzvah year, RED-
fly has matured from a simple curation of a few hundred
CRMs into a comprehensive warehouse for Drosophila cis-
regulatory data. Both a new data model and new search ca-
pabilities are under development that will greatly enhance
our capability to capture the fine details of gene regula-
tion and the ability of our users to easily extract the most
useful information from our records. As a comprehensive,
unbiased database of experimentally-verified regulatory el-
ements, REDfly will continue to be available as a resource
to aid in studies of Drosophila and other insect gene reg-
ulation; to help develop and validate methods that can be
applied to invertebrate and vertebrate systems alike; and
for researchers in the genomics, transcription, developmen-

tal biology, and evolutionary biology communities. RED-
fly is freely accessible without restrictions at http://redfly.ccr.
buffalo.edu.

ACKNOWLEDGEMENTS

We thank Mohammad Zia and Corwyn Nielsen for as-
sistance with programming, Gil dos Santos and the Fly-
Base team for facilitating REDfly-FlyBase data sharing,
and members of the Drosophila community for all their
work in generating the data that we curate.

FUNDING

National Science Foundation [DBI1355511, DBI1758252
to M.S.H.]; National Institutes of Health [R01 GM114067
to M.S.H.]. Funding for open access charge: National Sci-
ence Foundation.
Conflict of interest statement.None declared.

REFERENCES
1. Gallo,S.M., Gerrard,D.T., Miner,D., Simich,M., Des Soye,B.,

Bergman,C.M. and Halfon,M.S. (2011) REDfly v3.0: toward a
comprehensive database of transcriptional regulatory elements in
Drosophila. Nucleic Acids Res., 39, D118–D123.

2. Halfon,M.S., Gallo,S.M. and Bergman,C.M. (2008) REDfly 2.0: an
integrated database of cis-regulatory modules and transcription
factor binding sites in Drosophila. Nucl. Acids Res., 36, D594–D598.

3. Gallo,S.M., Li,L., Hu,Z. and Halfon,M.S. (2006) REDfly: A
regulatory element database for Drosophila. Bioinformatics, 22,
381–383.

4. Bergman,C.M., Carlson,J.W. and Celniker,S.E. (2005) Drosophila
DNase I footprint database: a systematic genome annotation of
transcription factor binding sites in the fruitfly, Drosophila
melanogaster. Bioinformatics, 21, 1747–1749.

5. Blick,A.J., Mayer-Hirshfeld,I., Malibiran,B.R., Cooper,M.A.,
Martino,P.A., Johnson,J.E. and Bateman,J.R. (2016) The capacity to
act in trans varies among Drosophila enhancers. Genetics, 203,
203–218.

6. Erceg,J., Pakozdi,T., Marco-Ferreres,R., Ghavi-Helm,Y.,
Girardot,C., Bracken,A.P. and Furlong,E.E.M. (2017) Dual
functionality of cis-regulatory elements as developmental enhancers
and Polycomb response elements. Genes Dev., 31, 590–602.

7. Li,L., Zhu,Q., He,X., Sinha,S. and Halfon,M. (2007) Large-scale
analysis of transcriptional cis-regulatory modules reveals both
common features and distinct subclasses. Genome Biol., 8, R101.

8. Zinzen,R.P., Girardot,C., Gagneur,J., Braun,M. and Furlong,E.E.
(2009) Combinatorial binding predicts spatio-temporal cis-regulatory
activity. Nature, 462, 65–70.

9. Mikhaylichenko,O., Bondarenko,V., Harnett,D., Schor,I.E.,
Males,M., Viales,R.R. and Furlong,E.E.M. (2018) The degree of
enhancer or promoter activity is reflected by the levels and
directionality of eRNA transcription. Genes Dev., 32, 42–57.

10. Samee,M.A.H., Lydiard-Martin,T., Biette,K.M., Vincent,B.J.,
Bragdon,M.D., Eckenrode,K.B., Wunderlich,Z., Estrada,J., Sinha,S.
and DePace,A.H. (2017) Quantitative measurement and
thermodynamic modeling of fused enhancers support a two-tiered
mechanism for interpreting regulatory DNA. Cell reports, 21,
236–245.

11. Li,L. and Wunderlich,Z. (2017) An Enhancer’s length and
composition are shaped by its regulatory task. Front. Genet., 8, 63.

12. Khoueiry,P., Girardot,C., Ciglar,L., Peng,P.C., Gustafson,E.H.,
Sinha,S. and Furlong,E.E.M. (2017) Uncoupling evolutionary
changes in DNA sequence, transcription factor occupancy and
enhancer activity. eLife, 6, e28440.

13. Herman-Izycka,J., Wlasnowolski,M. and Wilczynski,B. (2017)
Taking promoters out of enhancers in sequence based predictions of
tissue-specific mammalian enhancers. BMCMed. Genomics, 10, 34.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky957/5133668 by Buffalo State user on 22 O

ctober 2018

https://en.wikipedia.org/w/index.php?title=Projection_(relational_algebra)&oldid=854572829
http://http://redfly.ccr.buffalo.edu


6 Nucleic Acids Research, 2018

14. Li,X.Y., MacArthur,S., Bourgon,R., Nix,D., Pollard,D.A., Iyer,V.N.,
Hechmer,A., Simirenko,L., Stapleton,M., Luengo Hendriks,C.L.
et al. (2008) Transcription factors bind thousands of active and
inactive regions in the Drosophila blastoderm. PLoS Biol., 6, e27.

15. Li,X.Y., Thomas,S., Sabo,P.J., Eisen,M.B., Stamatoyannopoulos,J.A.
and Biggin,M.D. (2011) The role of chromatin accessibility in
directing the widespread, overlapping patterns of Drosophila
transcription factor binding. Genome Biol., 12, R34.

16. MacArthur,S., Li,X.Y., Li,J., Brown,J.B., Chu,H.C., Zeng,L.,
Grondona,B.P., Hechmer,A., Simirenko,L., Keranen,S.V. et al. (2009)
Developmental roles of 21 Drosophila transcription factors are
determined by quantitative differences in binding to an overlapping
set of thousands of genomic regions. Genome Biol., 10, R80.

17. Negre,N., Brown,C.D., Shah,P.K., Kheradpour,P., Morrison,C.A.,
Henikoff,J.G., Feng,X., Ahmad,K., Russell,S., White,R.A. et al.
(2010) A comprehensive map of insulator elements for the Drosophila
genome. PLoS Genet., 6, e1000814.

18. Moshkovich,N., Nisha,P., Boyle,P.J., Thompson,B.A., Dale,R.K. and
Lei,E.P. (2011) RNAi-independent role for Argonaute2 in
CTCF/CP190 chromatin insulator function. Genes Dev., 25,
1686–1701.

19. Bonn,S., Zinzen,R.P., Girardot,C., Gustafson,E.H.,
Perez-Gonzalez,A., Delhomme,N., Ghavi-Helm,Y., Wilczynski,B.,
Riddell,A. and Furlong,E.E. (2012) Tissue-specific analysis of
chromatin state identifies temporal signatures of enhancer activity
during embryonic development. Nat. Genet., 44, 148–156.

20. Khoroshko,V.A., Levitsky,V.G., Zykova,T.Y., Antonenko,O.V.,
Belyaeva,E.S. and Zhimulev,I.F. (2016) Chromatin heterogeneity and
distribution of regulatory elements in the Late-Replicating intercalary
heterochromatin domains of Drosophila melanogaster chromosomes.
PLos One, 11, e0157147.

21. Zhou,J. and Troyanskaya,O.G. (2016) Probabilistic modelling of
chromatin code landscape reveals functional diversity of
enhancer-like chromatin states. Nat. Commun., 7, 10528.

22. Ghavi-Helm,Y., Klein,F.A., Pakozdi,T., Ciglar,L., Noordermeer,D.,
Huber,W. and Furlong,E.E.M. (2014) Enhancer loops appear stable
during development and are associated with paused polymerase.
Nature, 512, 96–100.

23. Aerts,S., van Helden,J., Sand,O. and Hassan,B.A. (2007) Fine-tuning
enhancer models to predict transcriptional targets across multiple
genomes. PLoS One, 2, e1115.

24. Brody,T., Rasband,W., Baler,K., Kuzin,A., Kundu,M. and
Odenwald,W.F. (2007) cis-Decoder discovers constellations of
conserved DNA sequences shared among tissue-specific enhancers.
Genome Biol., 8, R75.

25. Guo,H.T., Huo,H.W. and Yu,Q. (2016) SMCis: An effective
algorithm for discovery of Cis-Regulatory modules. PLoS One, 11,
17.

26. Ivan,A., Halfon,M.S. and Sinha,S. (2008) Computational discovery
of cis-regulatory modules in Drosophila without prior knowledge of
motifs. Genome Biol., 9, R22.

27. Arunachalam,M., Jayasurya,K., Tomancak,P. and Ohler,U. (2010)
An alignment-free method to identify candidate orthologous
enhancers in multiple Drosophila genomes. Bioinformatics, 26,
2109–2115.

28. Kantorovitz,M.R., Kazemian,M., Kinston,S., Miranda-Saavedra,D.,
Zhu,Q., Robinson,G.E., Gottgens,B., Halfon,M.S. and Sinha,S.
(2009) Motif-blind, genome-wide discovery of cis-regulatory modules
in Drosophila and mouse. Dev. Cell, 17, 568–579.

29. Kazemian,M., Zhu,Q., Halfon,M.S. and Sinha,S. (2011) Improved
accuracy of supervised CRM discovery with interpolated Markov
models and cross-species comparison. Nucleic Acids Res., 39,
9463–9472.

30. Niu,M., Tabari,E.S. and Su,Z. (2014) De novo prediction of
cis-regulatory elements and modules through integrative analysis of a
large number of ChIP datasets. BMC Genomics, 15, 1047.

31. Sandmann,T., Girardot,C., Brehme,M., Tongprasit,W., Stolc,V. and
Furlong,E.E.M. (2007) A core transcriptional network for early
mesoderm development in Drosophila melanogaster. Genes Dev., 21,
436–449.

32. Sandmann,T., Jensen,L.J., Jakobsen,J.S., Karzynski,M.M.,
Eichenlaub,M.P., Bork,P. and Furlong,E.E. (2006) A temporal map
of transcription factor activity: mef2 directly regulates target genes at
all stages of muscle development. Dev. Cell, 10, 797–807.

33. Kazemian,M., Suryamohan,K., Chen,J.Y., Zhang,Y., Samee,M.A.,
Halfon,M.S. and Sinha,S. (2014) Evidence for deep regulatory
similarities in early developmental programs across highly diverged
insects. Genome Biol. Evol., 6, 2301–2320.

34. Suryamohan,K., Hanson,C., Andrews,E., Sinha,S., Scheel,M.D. and
Halfon,M.S. (2016) Redeployment of a conserved gene regulatory
network during Aedes aegypti development. Dev. Biol., 416, 402–413.

35. Elmas,A., Wang,X.D. and Dresch,J.M. (2017) The folded k-spectrum
kernel: A machine learning approach to detecting transcription factor
binding sites with gapped nucleotide dependencies. PLoS One, 12,
e0185570.

36. Costello,J.C., Dalkilic,M.M., Beason,S.M., Gehlhausen,J.R.,
Patwardhan,R., Middha,S., Eads,B.D. and Andrews,J.R. (2009) Gene
networks in Drosophila melanogaster: integrating experimental data
to predict gene function. Genome Biol., 10, R97.

37. De Renzis,S., Elemento,O., Tavazoie,S. and Wieschaus,E.F. (2007)
Unmasking activation of the zygotic genome using chromosomal
deletions in the Drosophila embryo. PLoS Biol., 5, e117.

38. Kazemian,M., Blatti,C., Richards,A., McCutchan,M.,
Wakabayashi-Ito,N., Hammonds,A.S., Celniker,S.E., Kumar,S.,
Wolfe,S.A., Brodsky,M.H. et al. (2010) Quantitative analysis of the
Drosophila segmentation regulatory network using pattern
generating potentials. PLoS Biol., 8, e1000456.

39. Marbach,D., Roy,S., Ay,F., Meyer,P.E., Candeias,R., Kahveci,T.,
Bristow,C.A. and Kellis,M. (2012) Predictive regulatory models in
Drosophila melanogaster by integrative inference of transcriptional
networks. Genome Res., 22, 1334–1349.

40. Yang,B. and Wittkopp,P.J. (2017) Structure of the transcriptional
regulatory network correlates with regulatory divergence in
Drosophila.Mol. Biol. Evol., 34, 1352–1362.

41. Pesch,R. and Zimmer,R. (2016) Cross-species Conservation of
context-specific networks. BMC Syst. Biol., 10, 76.

42. Clark,A.G., Eisen,M.B., Smith,D.R., Bergman,C.M., Oliver,B.,
Markow,T.A., Kaufman,T.C., Kellis,M., Gelbart,W., Iyer,V.N. et al.
(2007) Evolution of genes and genomes on the Drosophila phylogeny.
Nature, 450, 203–218.

43. Hare,E.E., Peterson,B.K., Iyer,V.N., Meier,R. and Eisen,M.B. (2008)
Sepsid even-skipped enhancers are functionally conserved in
Drosophila despite lack of sequence conservation. PLoS Genet., 4,
e1000106.

44. He,B.Z., Holloway,A.K., Maerkl,S.J. and Kreitman,M. (2011) Does
positive selection drive transcription factor binding site turnover? A
test with Drosophila cis-regulatory modules. PLoS Genet., 7,
e1002053.

45. Holloway,A.K., Begun,D.J., Siepel,A. and Pollard,K.S. (2008)
Accelerated sequence divergence of conserved genomic elements in
Drosophila melanogaster. Genome Res., 18, 1592–1601.

46. Macdonald,S.J. and Long,A.D. (2006) Fine scale structural variants
distinguish the genomes of Drosophila melanogaster and D.
pseudoobscura. Genome Biol., 7, R67.

47. Jiang,P., Ludwig,M.Z., Kreitman,M. and Reinitz,J. (2015) Natural
variation of the expression pattern of the segmentation gene
even-skipped in melanogaster. Dev. Biol., 405, 173–181.

48. Gursky,V.V., Kozlov,K.N., Kulakovskiy,I.V., Zubair,A.,
Marjoram,P., Lawrie,D.S., Nuzhdin,S.V. and Samsonova,M.G.
(2017) Translating natural genetic variation to gene expression in a
computational model of the Drosophila gap gene regulatory network.
PLoS One, 12, e0184657.

49. Costa,M., Reeve,S., Grumbling,G. and Osumi-Sutherland,D. (2013)
The Drosophila anatomy ontology. J. Biomed. Semantics, 4, 32.

50. Suryamohan,K. and Halfon,M.S. (2015) Identifying transcriptional
cis-regulatory modules in animal genomes.Wiley Interdiscipl. Rev.:
Dev. Biol., 4, 59–84.

51. Gubelmann,C., Waszak,S.M., Isakova,A., Holcombe,W., Hens,K.,
Iagovitina,A., Feuz,J.D., Raghav,S.K., Simicevic,J. and Deplancke,B.
(2013) A yeast one-hybrid and microfluidics-based pipeline to map
mammalian gene regulatory networks.Mol. Syst. Biol., 9, 682.

52. Jenett,A., Rubin,G.M., Ngo,T.T., Shepherd,D., Murphy,C.,
Dionne,H., Pfeiffer,B.D., Cavallaro,A., Hall,D., Jeter,J. et al. (2012)
A GAL4-driver line resource for Drosophila neurobiology. Cell Rep.,
2, 991–1001.

53. Kent,W.J. (2002) BLAT–the BLAST-like alignment tool. Genome
Res., 12, 656–664.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky957/5133668 by Buffalo State user on 22 O

ctober 2018



Nucleic Acids Research, 2018 7

54. Arnold,C.D., Gerlach,D., Stelzer,C., Boryn,L.M., Rath,M. and
Stark,A. (2013) Genome-Wide quantitative enhancer activity maps
identified by STARR-seq. Science, 339, 1074–1077.

55. Gramates,L.S., Marygold,S.J., Santos,G.D., Urbano,J.M.,
Antonazzo,G., Matthews,B.B., Rey,A.J., Tabone,C.J., Crosby,M.A.,
Emmert,D.B. et al. (2017) FlyBase at 25: looking to the future.
Nucleic Acids Res., 45, D663–D671.

56. Lyne,R., Smith,R., Rutherford,K., Wakeling,M., Varley,A.,
Guillier,F., Janssens,H., Ji,W., McLaren,P., North,P. et al. (2007)

FlyMine: an integrated database for Drosophila and Anopheles
genomics. Genome Biol., 8, R129.

57. The Gene Ontology Consortium. (2017) Expansion of the Gene
Ontology knowledgebase and resources. Nucleic Acids Res., 45,
D331–D338.

58. Ashburner,M., Ball,C.A., Blake,J.A., Botstein,D., Butler,H.,
Cherry,J.M., Davis,A.P., Dolinski,K., Dwight,S.S., Eppig,J.T. et al.
(2000) Gene ontology: tool for the unification of biology. The Gene
Ontology Consortium. Nat. Genet., 25, 25–29.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky957/5133668 by Buffalo State user on 22 O

ctober 2018


