Chapter 6
Insect Regulatory Genomics

Kushal Suryamohan and Marc S. Halfon

Abstract Insects are the most diverse and ecologically important group of animals
in the animal kingdom, with more than a million species described to date. Whole-
genome sequencing, which has revolutionized many areas of biological research,
carries significant potential for achieving a deeper understanding of insect develop-
ment, physiology, and evolution and for facilitating new biotechnological advances
in insect management and biocontrol. Comprehensive genome annotation, includ-
ing not only genes but also regulatory regions, is necessary for realizing the full
benefits of this sequencing. However, regulatory element discovery in non-model
organisms remains a major challenge as most regulatory sequences have diverged
past the point of recognition by standard sequence alignment methods, even for
relatively closely related species such as flies and mosquitoes. We review here some
of the advances made in insect regulatory genomics and the methods and resources
available for identifying regulatory elements in well-studied model insects such as
Drosophila. We discuss recent efforts to extend these approaches to discovering
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regulatory elements in evolutionarily diverged non-model species and potential
applications of the resulting regulatory data.

Abbreviations

B1H Bacterial one-hybrid

Cas9 CRISPR-associated protein 9

ChIP Chromatin immunoprecipitation

ChIP—chip  Chromatin immunoprecipitation combined with genome-tiling
microarrays

ChIP-seq Chromatin immunoprecipitation combined with next-generation
sequencing

CRISPR Clustered regularly interspaced short palindromic repeats

CRM cis-regulatory module

DNase-seq  DNase I digestion combined with sequencing

DPE Downstream promoter element

dsRNA Double-stranded RNA

FACS Fluorescently activated cell sorting

FAIRE-seq = Formaldehyde-assisted isolation of regulatory elements

GFP Green fluorescent protein

GMOD Generic Model Organism Database

GTF General transcription factor

MOD Model organism database

NCBI National Center for Biotechnology Information

PBM Protein-binding microarray

PWM Position weight matrix

RNA-seq RNA sequencing

RNAI RNA interference

STARR-seq Self-transcribing active regulatory region sequencing

TALENS Transcription activator-like effector nucleases

TF Transcription factor

TFBS Transcription factor binding site

ZFN Zinc finger nuclease

6.1 The Importance of Regulatory DNA: Why Regulate
Genes?

The expression of metazoan protein-coding genes is regulated at several steps in the
pathway from DNA to protein, including transcription of DNA to mRNA; mRNA
stability, transport, processing, and translation; and posttranslational protein

mshalfon@buffalo.edu
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modification. Such stratified control allows cells exquisite control over which pro-
teins they make, and this confers distinct properties to cells, resulting in cell differ-
entiation and diversity.

The main mechanism by which control of gene expression is achieved is tran-
scriptional regulation. Although a promoter is necessary to initiate gene transcrip-
tion, a significant part of eukaryotic transcriptional regulation is mediated by distal
cis-regulatory modules (CRMs), of which the most common forms are known as
enhancers: clusters of transcription factor binding sites (TFBS) that act without
regard to orientation, distance, or location (up- or downstream) relative to the tran-
scribed gene [1]. Regulation of gene expression is also achieved by additional distal
cis-acting regulatory elements that include silencers, insulators, and locus control
regions.

Next-generation DNA sequencing technologies now enable us to sequence the
genomes of many organisms in their entirety relatively rapidly and at constantly
decreasing cost. These technological developments have made possible numerous
insect genome projects, many of which have now been completed and many more
of which are anticipated: the i5K project aims to sequence 5000 insect and other
arthropod genomes over the next 5 years [2]. The sequence of a genome, however,
is of limited use without its annotation. That is, in addition to the DNA sequence, it
is necessary to attach biological information to a genome, including not only iden-
tifying protein-coding genes and their coding exons but also defining non-protein-
coding genes and, crucially, the different aforementioned regulatory elements—and
then assigning function to each.

Historically, annotation of regulatory regions has been a challenge even in well-
studied model organisms due to the inherent difficulties involved in regulatory
sequence identification. In non-model organisms, where there are few experimental
genetic and molecular data, where little is known about most transcription factors
and their target binding sites, and where the ability to make transgenic animals is
severely limited, genome annotation is particularly difficult. However, the extensive
advances achieved by virtue of Drosophila’s position as a leading model organism
have laid the foundation for molecular and computational tools to study other
arthropods. Thus, annotating regulatory regions in other insect species is now
becoming a realistic task, one that is essential to understanding the development and
physiology of insects and which carries the potential to enable the development of
products and techniques to control the harmful aspects of insects on society, as well
as to harness the many benefits we derive from them. In this chapter, we discuss
salient studies in insect regulatory genomics, focusing mainly on methods devel-
oped to identify regulatory elements, and highlight a few key studies on regulatory
elements in insects.
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6.2 Regulatory Genomic Analysis in Insects

6.2.1 Gene Function

Currently, there are about 200 insect species whose genomes have been sequenced or
have begun to be sequenced. Details of each sequencing project and genome data are
available at the National Center for Biotechnology Information (NCBI) Entrez
Genome Project webpage (http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi) and the
15k website (http://www.arthropodgenomes.org/wiki/i5K). Finished insect genome
projects include Drosophila melanogaster as well as 19 other Drosophila species
(http://www.flybase.org, ftp://ftp.hgsc.bcm.edu/Dmelanogaster/); medically impor-
tant species that are vectors for diseases such as malaria (Anopheles gambiae), den-
gue fever (Aedes aegypti), and elephantiasis (Culex pipiens); agriculturally important
species such as the honeybee (Apis mellifera) and silkworm (Bombyx mori); pests
such as the red flour beetle (Tribolium castaneum) and the pea aphid (Acyrthosiphon
pisum) (see Chaps. 4 and 5, in this volume); the parasitoid jewel wasp (Nasonia vit-
ripennis); several species of ants and butterflies (see Chap. 3, in this volume); and
others. The availability of the sequenced genomes of these insects, combined with
the efforts of a diverse group of researchers, has dramatically improved the molecu-
lar and genetic tools available to study them with the consequence that many of these
are now considered model or emerging-model research organisms.

While a significant proportion of the genes so far identified in insect genomes
have been assigned a known or putative function (largely through homology to
known genes in Drosophila and other organisms), many genes have yet to reveal
their function. Fortunately, recent years have seen a surge in methods for the study
of formerly non-model insect species, including gene knockdowns by RNA inter-
ference and genome engineering using transcription activator-like effector nucle-
ases (TALENS) [3] or the clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 (CRISPR/Cas9) system [4]. The discovery of transpo-
sons such as piggyBac [5] and Hermes [6] in the moth Trichoplusia ni and the house
fly Musca domestica, respectively, has now made it possible to perform gene pertur-
bation studies in a wide range of insects through the development of transgenic
technology (see Sect. 6.3) [7-12].

As with many technologies, the use of RNA interference (RNAI) in insects was
pioneered in Drosophila [13], but this powerful method was rapidly applied to the
red flour beetle 7. castaneum and many other holometabolous insect species [14, 15],
including the malaria vector mosquito Anopheles gambiae [16, 17]. The develop-
ment of parental RNAi techniques [ 18] meant that gene function in embryos could be
disrupted by injecting double-stranded RNA (dsRNA) into pupal or adult females
[19], allowing for studies of early insect development [20]. The immense utility of
RNAIi was also realized when it was used to study Hox gene function for the first time
in a hemimetabolous species, the bug Oncopeltus fasciatus [21]. For an overview of
successful applications of RNAi technology to assign functions to genes in various
insects, readers are referred to the excellent review article by Xavier Belles [22].
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With the recent development of methods such as zinc finger nucleases (ZFNs),
TALENS, and CRISPR/Cas9 [3, 23-25], genome editing has become feasible in a
broad range of species [26, 27], resulting in a deluge of papers despite the first
reported uses of CRISPR taking place only a year ago. While as usual the first
applications of CRISPR/Cas9 technology in insects have been in Drosophila [24,
25, 28], its success there has now encouraged its use in other insect species [29],
and this powerful system is likely to revolutionize experimental studies in model
and non-model insects alike. With these new technologies in hand, it is only a
matter of time before we have a better understanding of the functions of genes
crucial to development, vector biology, and other biological processes in most
insect species.

6.2.2 Discovering DNA Regulatory Elements in the Genome

The task of finding regulatory elements in the genome has historically been a chal-
lenging one. Approaches can be classified into two broad categories: empirical and
computational. Empirical approaches (Fig. 6.1) have traditionally been time-
consuming, labor-intensive, and expensive. The genomic era has brought about the
development of genome-wide, high-throughput assays and techniques, which has
greatly accelerated the pace of regulatory element discovery. However, these meth-
ods are not without limitations: they can remain very costly, are often difficult to
validate, and typically do not produce comprehensive or fully accurate results. This
is a particular problem for cis-regulatory modules (CRMs), which may be func-
tional only in certain cell types or under specific conditions.

Computational methods (Fig. 6.2) have provided an attractive complementary
approach for regulatory element identification. However, these methods too have
drawbacks, including high false-positive prediction rates and the challenges of
large-scale empirical validation. Despite this, significant advances have been made
in the computational methods for modeling and detection of DNA regulatory ele-
ments over the last decade. The availability of complete genome sequences for mul-
tiple organisms, whole-transcriptome profiles, high-throughput experimental
methods for mapping protein-binding sites in DNA, increased throughput in empiri-
cal identification of CRMs, elucidation of higher order structures of the regulatory
sequences [30, 31], and more efficient assays for testing putative regulatory regions
have all contributed to the development of successful methods. Nevertheless, these
approaches have primarily been limited to a few well-understood model organisms
and biological systems, where a fair amount of prior knowledge is available, where
the organisms are amenable to experimental manipulation, and where there is a
large community-driven funding base.

In this section, we will briefly summarize the different empirical and computa-
tional approaches used for regulatory element discovery with particular focus on the
identification of regulatory elements in insect species (including D. melanogaster).
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Empirical Approaches
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Fig. 6.1 Empirical approaches to CRM discovery. Empirical approaches to CRM discovery can
be broadly classified into low-throughput (left) and high-throughput (right) methods. In both cases,
the putative CRMs are tested in a heterologous reporter system. Low-throughput methods involve
testing of isolated regions of DNA that contain putative CRMs in a cell culture or transgenic ani-
mal setting (or both). In the former, putative CRMs are transfected into cultured cells and reporter
gene activity (e.g., luciferase, GFP) levels are quantified relative to a control vector. In the latter
experiment, transgenic animals (here, flies) bearing a reporter gene construct are generated and
assayed for tissue-specific expression patterns driven by the putative CRM. High-throughput meth-
ods make use of next-generation sequencing to identify potential regions of regulatory
DNA. Chromatin immunoprecipitation-based methods use antibodies to detect binding of TFs of
interest genome-wide followed by sequencing to identify the bound regions (ChIP-seq). A variant
of this uses antibodies against specific chromatin modifications, such as histone methylation (e.g.,
H3K4mel), that are characteristic of regulatory sequences. A third variant makes use of the fact
that regulatory regions have an “open” chromatin configuration, i.e., are depleted of nucleosomes
or otherwise more accessible to cleavage by DNase I (DNase-seq) or to transposon insertion
(ATAC-seq), or respond differently to chemical fractionation (FAIRE-seq). Additional methods
are discussed in the text. Like predictions from low-throughput approaches, results from high-
throughput experiments can also be tested using cell culture or transgenic methods, although typi-
cally only a fraction of the predictions can be validated

Reporter gene
activity

3

mshalfon@buffalo.edu



6 Insect Regulatory Genomics 125

Computational Approaches
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Fig. 6.2 Computational approaches to CRM discovery. Computational approaches can be broadly
classified into motif-based (left) and motif-blind (right) methods. In the former, all observed
instances of a TFBS (which are usually short motifs of ~6—10 bp) are modeled into a position
weight matrix (PWM - see Sect. 6.2.2.2). Motif-based methods are predicated upon the knowledge
that CRMs consist of clusters of TFBSs in a small region of DNA; these clusters can be searched
genome wide (center). Sequence conservation-based methods (left) look for evolutionarily con-
strained regions of noncoding DNA containing clusters of TFBSs across several closely or dis-
tantly related species. The colored triangles, squares, and circles each represent a specific instance
of a particular TFBS in a segment of DNA. Motif-blind methods (right) are unique in that they do
not rely on existing knowledge of TFBSs or TFs and instead make use of the statistical profiles of
experimentally validated CRMs (the “training set”) against a set of non-CRMs (the “background
set”). A statistical model is then used to scan the whole genome of a candidate species using over-
lapping windows with a score assigned to each window; the highest peaks in the resulting score
profile are predicted to be CRMs. As with empirical approaches, predictions from computational
methods can then be tested using a variety of cell culture or transgenic validation methods
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6.2.2.1 Empirical Discovery of Regulatory Regions
Promoters

Initiation of transcription is achieved by the promoter, which can be viewed as con-
sisting of a core promoter along with a variable number of proximal promoter ele-
ments (for variants of promoter architecture, refer to [32]). Together, these regions
integrate regulatory inputs and initiate gene transcription. The core promoter con-
sists of TFBSs for general transcription factors (GTFs) necessary to recruit RNA
polymerase II (reviewed in [33]) and is typically defined as the ~40 bp region on
either side of the transcriptional start site of its gene. While a number of core pro-
moter binding motifs have been defined (e.g., the familiar TATA box and the down-
stream promoter element (DPE) [34]), there are no universal motifs common to all
promoters, and the majority of promoters do not appear to contain any of the well-
characterized motifs [35].

In the last decade, several high-throughput next-generation sequencing-based
methods have been developed to aid promoter identification, including capture and
sequencing of the 5 ends of mRNA transcripts (CAGE-seq [36], PEAT [37],
RAMPAGE [38]) and chromatin immunoprecipitation (ChIP)-based methods (e.g.,
ChIP of RNA Pol II) ([39-42]; see also Chap. 7, in this volume). In insects, genome-
wide characterization of promoters has largely been restricted to D. melanogaster,
an issue that needs to be addressed for other emerging-model or non-model insect
species whose genomes have been sequenced [37, 38, 43, 44].

Cis-Regulatory Modules (CRMs)

Traditional CRM Discovery Methods

Whereas promoters can be identified through capture of 5 mRNA sequences or
RNA Pol II binding, and to a lesser extent by virtue of the presence of defined
sequence motifs, discovery of distal CRMs presents a much greater challenge.
Unlike promoters, CRMs do not contain broadly recognizable sequence character-
istics and do not lend themselves to discovery via simple transcriptional profiling-
based methods. Empirical approaches to discovering enhancers have historically
involved isolating fragments of DNA containing putative CRMs and cloning them
upstream of a minimal promoter fused to a reporter gene to test for transcriptional
activity in cell lines or transgenic animals. Although more laborious and expensive
to conduct than cell culture assays, transgenic animal studies have the great advan-
tage of providing spatiotemporal expression information simultaneously in all tis-
sues and cell types of an overall wild-type animal. Early empirical approaches were
limited in the number of assays that could feasibly be performed. However, the
more recent sequencing of the genomes of multiple species, along with the avail-
ability of next-generation sequencing strategies, has allowed for the development of
higher-throughput methods for regulatory element identification in model organ-
isms such as Drosophila and mouse, resulting in an explosion of newly predicted—
and in many cases validated—CRM:s.
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Two efforts in Drosophila are notable for both their scope and audacity. Groups
at the Howard Hughes Medical Institute’s Janelia Farm Research Campus and at the
Research Institute of Molecular Pathology in Vienna have taken a genome-tiling
approach in which short overlapping segments of noncoding DNA are assayed in a
more-or-less unbiased fashion using in vivo reporter gene assays. Collectively, these
two groups have generated some 14,000 new reporter lines, increasing in the last
few years by 5-7-fold the cumulative efforts of the preceding three decades [45,
46]. It should be noted, however, that many of the tested sequences are on the order
of 2-3 kb and as such may contain multiple CRMs (which are frequently less than
500 bp in length). Thus, precise mapping of individual regulatory elements may still
require substantial follow-up.

TFBS Discovery

Although such massive undertakings seem an unlikely prospect for extension to
other insect species, the rise of microarrays and next-generation sequencing has
spawned a growing number of high-throughput yet more broadly accessible meth-
ods for both TFBS and CRM discovery. Sensitive, unbiased methods to identify and
characterize TFBSs in a systematic manner include SELEX-seq [47], protein-
binding microarrays (PBMs) [48], and large-scale bacterial one-hybrid (B1H)
assays. The latter are especially advantageous as they can determine the specificities
of a TF of interest without requiring purification of the TF [49]. Chromatin immu-
noprecipitation (ChIP) coupled with genome-tiling microarrays (ChIP—chip [42]),
now largely supplanted by next-generation sequencing (ChIP-seq) [39], enables
genome-wide identification of regions bound in vivo by a given transcription factor
(TF). Regions isolated from ChIP-based assays usually range in size from a few
dozen base pairs to a few hundred base pairs. Since the regions obtained from ChIP
are larger than the actual TFBSs themselves, additional computational analysis is
needed to discover the individual TFBS within these regions. These limitations can
be overcome with application of newer methods such as ChIP-exo (in which an
exonuclease trims the DNA to give a higher resolution in TFBS mapping) [50] or
extremely deep sequencing, which can reveal transcription factor binding sites
10-20 bp long (“digital footprinting”) [S1]. As always, it is worth bearing in mind
the caveat that it cannot always be certain that all observed protein—DNA interac-
tions have an active role in regulation. In at least some instances, substantial in vivo
binding has been detected at sequences that do not appear to have regulatory func-
tion, and the number of sites bound by a TF can greatly exceed the number of genes
the TF is believed to regulate [52-54]. Binding is also cell type specific, meaning
that ChIP-based methods are most effective when applied to pure cell populations
and provide more limited information when performed on complex tissues or whole
embryos. Nevertheless, sufficient data to make reasonable inferences as to probable
binding of a given TF at a given locus, through collective application of the dis-
cussed approaches, are likely within reach for the majority of TFs in Drosophila in
the near future. Since TF binding domains have frequently evolved slowly overall
[55], in many cases extrapolation to other insect species will also be possible.
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CRM Discovery Using Epigenomic Methods

Active regulatory regions tend to be devoid of nucleosomes, a property that can be
exploited for regulatory element discovery. Regions of nucleosome-depleted, or
“open,” chromatin can be identified on a genome-wide scale through methods such
as DNase-seq [56], where accessible regions are detected by virtue of higher sus-
ceptibility to enzymatic cleavage by DNase I; FAIRE-seq (formaldehyde-assisted
isolation of regulatory elements), which separates nucleosome-containing from
nucleosome-free DNA using formaldehyde cross-linking followed by phenol
extraction [57, 58]; or ATAC-seq [59], in which accessible chromatin is a preferen-
tial target for transposon tagging, allowing for direct sequencing of the tagged
sequences after DNA isolation. ChIP-seq can also be used for genome-wide CRM
discovery. For example, enhancer regions are often associated with the transcrip-
tional cofactor p300/CBP and with components of the Mediator complex [60-62],
and active enhancers are associated with specific histone modifications such as his-
tone H3 lysine 4 monomethylation (H3K4me1) and histone H3 lysine 27 acetyla-
tion (H3K27ac), as well as depletion in H3 lysine 4 trimethylation (H3K4me3) [63,
62]. These methods all show great promise, although to date most have not yet
produced detailed and well-defined sets of validated CRMs in the way that the tra-
ditional reporter gene assays (above) or newer functional assays (below) have done.

Function-Based Methods

The explosion in next-generation sequencing-based technologies has continued in
the last few years with the development of new high-throughput function-based
methods for enhancer discovery. STARR-seq can directly and quantitatively assess
enhancer activity in millions of short sequences (on average ~600 bp in length)
drawn from arbitrary sources of DNA to generate an unbiased survey of regulatory
sequences active in a given cell line [64]. These sequences are inserted downstream
of a minimal promoter and transfected into cells such that each sequence serves as
its own reporter; the strength of each regulatory sequence is then assessed by its
abundance in a subsequent RNA-seq analysis. When applied to the Drosophila
genome, STARR-seq identified thousands of cell type-specific enhancers with dif-
fering activation strengths. Enhancer-FACS-seq is another method that was devel-
oped for identification of enhancers in Drosophila, where developmentally relevant,
tissue-specific enhancers were detected within developing Drosophila embryos
using a two-color FACS (fluorescently activated cell sorting)-based filtering: one
color is used to register reporter gene activity and the other to mark cell types of
interest [65]. This is an innovative method in that it eliminates the initial need to
screen individual enhancer constructs in transgenic animals and allows for simulta-
neous testing of multiple pooled putative regulatory sequences, although full char-
acterization of identified CRMs still requires subsequent generation of a new
transgenic line. FIREWACh (Functional Identification of Regulatory Elements
Within Active Chromatin) [66] and SIF-seq (site-specific integration fluorescence-
activated cell sorting followed by sequencing) [67] also identify regulatory elements
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by monitoring activity during initial screening assays using FACS sorting. Although
they have not to date been applied to insect models, nothing specifically precludes
their use for this purpose.

While these methods are elegant and high-throughput and demonstrate success-
ful CRM discovery, they do have limitations. In particular, with respect to insect
regulatory genomics, each depends either on the availability of a reasonable selec-
tion of cell lines or on the capacity to generate transgenic animals in an efficient and
scalable manner—capabilities that for the most part are absent for insect species
other than D. melanogaster.

Generality of Assays and Results

Although genome-wide maps of accessible chromatin, epigenetic marks, TF bind-
ing, and even regulatory function serve as a useful starting point, a significant chal-
lenge remains in that many regulatory regions function only in specific cell types
and thus can only be identified when assays are performed using those cells. Each
of these features must therefore be assessed in multiple tissues over many develop-
mental time points and/or under varying environmental conditions in order to
achieve comprehensive CRM discovery. This is a difficult goal for a variety of rea-
sons, not least of which is financial, as well as obtaining sufficiently large homoge-
neous pools of each cell type at different time points and, more importantly,
addressing depth of coverage in terms of the number of TFs and histone modifica-
tions to assay. These issues are especially acute in studying insects, which are ana-
tomically small, thereby making it hard to isolate specific tissues in adequate
amounts. In this regard, it is encouraging that DNasel-seq at least appears to be
reasonably robust in the sense that open chromatin regions are detected even when
present in a limited fraction of overall embryonic cells [68]. Moreover, given the
rate of technological progress, many of the logistical hurdles may soon be overcome
as assays for small numbers of or even single cells are perfected [69, 70], and these
methods will continue to aid in painting a more complete picture of the regulatory
landscape of many cell types.

Assigning CRMs to Target Promoters

Once a CRM is identified, a major hurdle still often lies in assigning it to the appro-
priate target gene (or genes). Although many studies use “the closest active gene”
theory to assign target genes, this clearly does not always lead to accurate assign-
ment. Genes can lie hundreds of kilobases away from their cognate enhancers, and
there can even be additional, separately regulated genes lying between a CRM-
promoter pair. High-throughput versions of chromosome conformation capture
technologies yield three-dimensional interaction maps that are providing exciting
new insights into how distal CRMs interact with target promoters and can aid in
CRM target gene assignment [30, 41, 71, 72], although these assays are technically
challenging and artifact prone. Computational methods that make use of multiple
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sources of more readily available data—histone modifications, RNA-seq, sequence
conservation, etc.—will also be a valuable aid for determining CRM targets [72].

6.2.2.2 Computational Approaches to CRM Discovery

Even with the current trend of decreasing costs for empirical high-throughput
experiments, the methods discussed in the preceding section remain prohibitively
expensive and technically challenging for many emerging/non-model organisms,
especially if considering extensive assaying of the genome under multiple condi-
tions or at many developmental stages. Computational methods provide an attrac-
tive complement to experimental approaches and can often precede them as a first
step in identifying regulatory regions, to be followed later by in vivo validation.
Computational analysis can also help to refine or increase the predictive power of
results obtained by empirical assays. In many cases, when working with non-model
organisms with limited amenability to molecular genetic approaches, these methods
may be essential for successful discovery and understanding of transcriptional regu-
latory elements.

Computational methods for CRM discovery can be broadly classified into three
major categories: (a) comparative genomics, based on searching for regions of con-
served noncoding DNA sequences across related species; (b) motif-based methods,
which search for short genomic regions containing clusters of transcription factor
binding sites; and (c) “motif-blind” approaches, which require no a priori knowl-
edge of TFs or TFBSs.

Comparative Genomic Approaches

Comparative genomic approaches look for regions in the genome that are conserved
between species. The underlying assumption is that there is likely to be a high
degree of conservation of functionally important sequence elements (both coding
and noncoding) between related species, an assumption that has frequently, although
not universally, been shown to be true (e.g., [73] and references therein). There is
mixed evidence as to whether or not attempting to discriminate CRMs from non-
CRMs based solely on sequence conservation is effective. Li et al. [74] showed that
while in the aggregate CRMs are more highly conserved, comparison among eight
sequenced drosophilids gave poor predictive value for any particular sequence when
assessing overall percentage of conserved bases. However, a more recent study
found that reasonable discriminative performance could be achieved on a similar set
of CRMs using a windowed version of the PhastCons conservation score (although
on other data sets, this method performed less well) [75].

Less important than overall conservation of CRM sequence appears to be the con-
servation of CRM content, i.e., maintenance of a similar complement of TFBSs,
although the number and organization of these sites can vary widely [76, 77]. As a
result, sequence conservation is more clearly of utility when mixed with identification
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of TFBSs, either to reduce false-positive identification of bona fide binding sites or
to predict CRMs based on TFBS composition. For instance, the specificity of motif-
based CRM prediction (see following section) can be improved by restricting TFBS
motif instances to those that are also conserved in other species [78, 79]. Many
in vivo-bound TFBS motifs are conserved among Drosophila species and other
insect species [80-83]. Regulatory regions have been identified in several Drosophila
genomes [80, 84, 85] as well as in other dipterans, including the malaria mosquito
An. gambiae, the distant drosophilid Scaptodrosophila lebanonensis, and the fly
Calliphora vicina [86-88], by looking for conservation of validated or predicted
TFBSs when compared against the D. melanogaster genome. The enhancers from
various species identified in this manner function as expected when tested in trans-
genic Drosophila [89-93]. Nevertheless, care must be taken when imputing func-
tion based on overall conservation of either sequence or binding site content. Studies
of CRM evolution have revealed large-scale turnover of TFBSs despite the CRMs
having maintained their function across multiple species of Drosophila [94, 95]. A
landmark study by Ludwig et al. demonstrated that the eve_stripe2 CRMs from D.
melanogaster and D. pseudoobscura, which show clear sequence conservation as
well as conservation of function, are completely nonfunctional as a chimera consist-
ing of the 5’ half of one CRM and the 3’ half of the other [96]. Thus, TFBS turnover
and compensatory evolutionary adaptations in the individual CRMs play a signifi-
cant role in shaping their respective functions despite overall sequence-level conser-
vation. Moreover, extensive enhancer mutagenesis has shown that simple scrambling
of a CRM sequence can confer new tissue specificity to its output, and minor
changes in motif positioning can affect CRM function in a tissue-specific manner
[97, 98]. Merely possessing the same TFBSs, therefore, does not guarantee conser-
vation of CRM function.

A significant limitation to sequence conservation as a means of CRM discovery,
especially within the insects, is that noncoding sequences have evolved rapidly.
Indeed, even within the Diptera, regulatory sequences have frequently diverged
beyond the point of recognition by standard alignment methods ([96, 99—-102] and
M. Kazemian, S. Sinha, K.S and M.S.H., unpublished data). Moreover, sequence
conservation cannot notreveal lineage-specific, recently evolved CRMs. Nevertheless,
given the generality of the methods and the lack of need for any a priori knowledge
of TFBS or TFs, comparative genomic approaches will remain a useful tool—at least
for closely related species—for identification of putative CRMs.

Motif-Based CRM Discovery

In essence, CRMs are composed of a set of specific TFBSs spread over up to a few
hundred nucleotides [103]. When these TFBSs are known or can be inferred, motif-
based approaches for predicting enhancers and promoters can be applied. These
approaches predict CRMs based on their DNA sequence and searchable representa-
tions of the TFBSs. Most typically, TFBSs are modeled in the form of position
weight matrices (PWMs) [104], although alternate representations such as

mshalfon@buffalo.edu



132 K. Suryamohan and M.S. Halfon

degenerate consensus sequences or hidden Markov models have also been used
[105, 106].

Motif-based CRM discovery was first conducted in mammals in the late 1990s in
seminal work by Wasserman and Fickett [107]. Prior knowledge of the transcription
factors that regulate expression of genes controlling muscle development, and their
cognate TFBS motifs, was successfully used to look for clusters of those TFBS
motifs elsewhere in the human genome. This approach was seized on by Drosophila
researchers upon publication of the fly genome in early 2000 [108—113]. The exten-
sive existing knowledge of early developmental CRMs—e.g., the “stripe” enhanc-
ers of the pair-rule genes—provided a rich set of TFBS motifs as well as a validation
enhancer set to gauge sensitivity, and the tendency toward homotypic clustering of
TFBSs within these CRMs allowed for simple “motif clustering” algorithms to be
successful. All of these analyses found at least one novel enhancer that was active
in transgenic flies, but in general suffered from low predictive power. A subsequent
generation of algorithms incorporated probabilistic searching and sequence conser-
vation between related species [114, 115], which helped to reduce false-positive
rates; however, false-positive results continue to plague most motif-based CRM dis-
covery methods, which are consistently outperformed in head-to-head comparisons
of methods [75, 116, 117]. The high false-positive rates are likely a consequence of
several factors, one of the largest being the fact that TFBS prediction itself is highly
error-prone [118]. TFBS motifs are degenerate, and our knowledge of the full range
of sequences capable of being bound by a given TF is usually incomplete, especially
with respect to in vivo versus in vitro binding.

It is worth noting that motif-based methods rely on an important biological
assumption: that genes that are expressed in a similar pattern are regulated by a
similar complement of TFs. While no doubt this does not hold universally, the
fact that these methods consistently work—albeit with high false-positive rates—
supports the assumption. Nor is this confined only to the presence of highly tissue-
specific TFs, broadly general expression patterns, or highly clustered binding sites.
For instance, Halfon et al. [112] demonstrated that motif-based searching could
identify CRMs driving a tightly restricted expression pattern in a small subset of
cells and regulated by a combination of widely expressed TFs, some of which bound
only once or twice in the CRM. On the other hand, while it is clear that identifica-
tion of (usually conserved) TFBSs can aid in CRM discovery, caution must be taken
in ascribing functional roles to each of these sites and/or to their cognate TFs.
Previous studies have shown that not all motifs used as input for successful CRM
discovery algorithms are functional components of the identified CRMs, and not all
important TFBSs are conserved [119, 120].

A different flavor of CRM discovery moves away from clustering of a specific set
of TFBSs toward a model of CRM evolution via gain and loss of binding sites.
These methods attempt to develop mathematical models that capture the TFBS
signatures characteristic of CRMs without assuming direct sequence-level conser-
vation. MorphMS is one such modeling method which identifies candidate CRMs
using a pairwise probabilistic alignment method that fits an evolutionary model
derived from a set of existing TFBS motifs; it was found to have the best performance
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for recovering known D. melanogaster CRMs in a comparison of computational
approaches [75, 121]. EMMA, an improvement on MorphMS by the same authors,
models the evolution of binding sites and allows binding sites to occur in only one
species, but not the other (note that both tools construct pairwise alignments) [122].
A similar approach, to account for gain and loss of binding sites, is taken by Majoros
and Ohler [123], although its computational complexity precludes it from being
implemented on a genome-wide scale. These approaches provide important insights
into the potential roles of TFBS turnover in CRM evolution. However, as CRM
discovery methods, they still suffer from the requirement of needing knowledge of
relevant TFBSs to be effective.

Motif-Blind Approaches

What does one do, then, when not all TFs and/or TFBSs (or sometimes not even one
relevant TF and/or its TFBS) are known a priori—the most common situation? In
such an event, it becomes impossible to search for CRMs using motif-based meth-
ods, and it is necessary to turn to methods that are not limited by current knowledge
of TFBS motifs or of the TFs involved in regulating genes of interest. This becomes
especially crucial for annotating the genomes of non-model organisms (such as
most insect species) where such data are severely lacking.

One approach that has been used is to employ motif discovery and CRM discovery
in tandem. An example of this is CisModule, which uses a Bayesian model to simul-
taneously predict TFBS motifs and CRMs [124]. CisModule showed good specificity
in both simulated and applied tests, particularly for its motif-finding phase. However,
in other settings, it performed less well for de novo CRM discovery than motif-blind
(see below) methods that do not rely on first predicting TFBSs [116].

Better success has been achieved using supervised machine learning methods
which search for patterns that can distinguish a training set composed of known
CRMs from non-regulatory DNA, using only the DNA sequence itself as input
[117, 125, 126]. These methods capture the statistical features inherent in each
CRM within the training set without requiring other information, such as TFBSs or
TFs, a priori. The genome can then be searched for additional sequence windows
containing a similar statistical signature. Kantorovitz et al. [117] first dubbed such
methods, which fall into the class of alignment-free sequence comparisons, “motif-
blind,” as TFBS motifs do not factor into the search algorithms.

One of the most successful examples of motif-blind approaches has come from a
collaborative effort between the Sinha and Halfon groups, who in a series of papers
have applied their methods to both the Drosophila and mouse genomes [117, 126].
This team has developed a computational pipeline, designated “SCRMshaw,” that
uses multiple machine learning algorithms to search for sequence “words” (i.e.,
short DNA subsequences) that are overrepresented in a training set of known CRMs
(Fig. 6.3). These words (or “k-mers”) serve as proxies for the unknown and
un-modeled TFBSs, but TFBSs themselves, even when known, are not explicitly
used by the algorithms. The training sets are constructed from a set of CRMs all
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Fig. 6.3 Supervised motif-blind CRM discovery (SCRMshaw). (a) A set of CRMs with related
activity (shown here, the Drosophila embryonic ventral nerve cord, part of the “CNS” CRM set) is
selected as a training set. (b) The sequences of the training CRMs and of a set of similarly sized
“background” non-CRMs (BKG) serve as input to the algorithm. The training set can also include
orthologous sequences from related species. (¢) The k-mer profile of the sequence sets is obtained
and used to train one of the several statistical models. (d) The score for a given sequence S is the
log-likelihood ratio of the models for the positive (“training”) and negative (“background”) sets on
S. (e) Overlapping sequence windows are scored throughout the genome. High-scoring windows
(stars) are predicted CRMs. The genome being searched can be from the same species as the train-
ing data (e.g., Drosophila melanogaster) or from a more distantly related insect species (e.g., Apis

mellifera)
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demonstrated to drive a related expression pattern and do not need to be large; sets
as small as six known CRMs have provided successful CRM discovery results.
Comparisons with motif-based methods for CRM sets where there is good knowl-
edge of TFBSs—e.g., the Drosophila stripe enhancers referred to above—demon-
strated that SCRMshaw consistently performed as good or better and was able to
reach unprecedentedly high (80 % or better) success rates [117].

CRM Discovery in Insects Other Than D. melanogaster

The number of characterized non-Drosophila insect CRMs is small but growing.
Computational methods based on motif clustering have proven effective in discov-
ering CRMs in insects other than Drosophila, usually using PWMs derived from
Drosophila TF binding studies and relying on the assumption that the binding sites
for orthologous TFs would have similar sequences [101, 127-130]. These studies
have mainly focused on well-described developmental systems, in particular early
anterior—posterior and dorsal—ventral patterning, where there is extensive knowl-
edge of TFs, their binding motifs, and similar Drosophila CRMs.

We have recently determined that Drosophila CRM training data can be used to
apply the SCRMshaw method for motif-blind supervised CRM discovery to a broad
range of holometabolous insects with success rates comparable to those obtained
when conducting Drosophila-specific CRM discovery [131]. By using the same
methods and training sets used for within-species CRM discovery [117, 126] but
searching the genomes of An. gambiae, T. castaneum, A. mellifera, and N. vitripen-
nis instead of that of D. melanogaster (Fig. 6.3), we were able to rapidly almost
double the collective number of in vivo validated CRMs for these species and pre-
dict some 7000 more [131]. This is a significant advance given that the genomes of
these species are highly diverged—substantially more so than human-to-fish for
Diptera-to-Hymenoptera, for example [132]—to the point where alignment of non-
coding sequences to the Drosophila genome is for the most part not possible.
Successful application of supervised motif-blind CRM discovery therefore suggests
that not only is regulatory sequence annotation in diverged insect species an attain-
able goal but also that it is one that can progress without requiring extensive new
experimental data to be generated for each newly sequenced genome.

6.2.2.3 Database Resources for Insect Genomic Data

Biological databases are an essential part of any research project undertaken today.
The ever-increasing amounts of data collected from biological experiments, espe-
cially high-throughput experiments such as genome sequencing and annotation,
protein and gene interaction studies, protein structure determination, and the like,
make these databases invaluable for managing information and making it easily
accessible. Several dedicated databases have been developed for insect-specific
research and are briefly reviewed below.
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Model Organism Databases

Many of the insects that have been sequenced within the last decade now have dedi-
cated model organism databases (MODs) [133—141]. The MODs constitute a tre-
mendously valuable resource and serve as clearinghouses for much of the available
data on the genetics and genomics of the covered model organisms. This is most
evident for Drosophila, where FlyBase, one of the first MODs to be developed,
maintains not just the genome annotation but also allele descriptions, gene expres-
sion pattern data, transcriptomic data, cytogenetic maps, and much of the other
collected information from over a century of Drosophila research [133].

While the MODs are crucial for allowing researchers to access sequence data
and genome annotations, a problem often encountered with species-specific data-
bases is that of interoperability. Different interfaces and data formats make it com-
plicated for users to move about through the different databases, and the databases
include widely varying degrees of information on homologous sequences in other
species, tools for pathway analysis, gene ontology annotations, protein domain
annotation (e.g., InterPro), and functional pathway annotation (e.g., KEGG). In this
regard, the Hymenoptera Genome Database stands out as a truly multispecies
genome database for representatives of the over 115,000 insects in the Hymenopteran
order [134]. Combining information on all these species into a single database pro-
vides an enormously useful resource for researchers interested in comparing and
studying the Hymenoptera. The combination of numerous pest species into the
AgripestBase (www.agripestbase.org) framework is another positive step in the
direction of interoperability. As various species are becoming sequenced through
the 15K project [2], many of the assemblies and early annotation are being housed
through the National Agricultural Library’s “iSK Workspace” (http://iSk.nal.usda.
gov/), which provides a hosting framework for species not backed by a large, orga-
nized research community. The i5K Workspace and many of the MODs are built
using components from the Generic Model Organism Database (GMOD) toolkit
[142], a powerful resource for researchers who wish to provide bioinformatic tools
for accessing whole-genome data. The use of GMOD components by a broad selec-
tion of MODs provides a familiar interface and a degree of interoperability for users
of multiple genome databases. A holdout in this regard is VectorBase [143], which
is built using the ENSEMBL framework rather than GMOD. Although this design
choice has many positive features—the versatile and intuitive BioMart [144] is a
particularly useful tool—it places VectorBase somewhat at odds with the other
MODs and complicates cross-organism comparisons. Some of the more traditional
model insect species (several Drosophila, An. gambiae, A. mellifera) can also be
found in the UCSC Genome Browser [145], allowing access to the powerful tools,
and integration with the many other genomes, covered by that major resource.
Similarly, many insect species are also accessible via ENSEMBL (http://metazoa.
ensembl.org/index.html). Drosophila and An. gambiae data can be found in
FlyMine, a data warehouse with a powerful search interface that integrates genomic
and proteomic data for these two species [146]. While these latter three databases
offer the advantages of data integration and standard included tools, it should be
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noted that the primary genome sequences and annotations are still imported from
the MODs.

Gene Expression Resources

Several resources are devoted to gene expression data. The Berkeley Drosophila
Genome Project (BDGP) contains genome-wide expression profiles of over 6000
genes in D. melanogaster embryos as determined by whole-mount in situ hybridiza-
tion over all embryonic developmental stages and documented in over 70,000
images [147-149]. FlyExpress is another such resource that catalogues the spatial
expression domains of over 4000 genes via a series of over 100,000 images and
allows for pattern-based searching of the database [150]. FlyAtlas [151] provides
transcriptional profiles for dissected D. melanogaster adult and larval tissues, and
modENCODE [152] has produced time-course expression data for all stages of the
fly life cycle as well as a limited number of dissected tissues. Many of these data are
also mirrored in FlyBase. Many of the other MODs also include gene expression
data, either from EST sequencing, microarray, or RNA-seq studies (see Table 6.1).

6.2.2.4 Regulatory DNA Element and Transcription Factor Databases

Resources related to insect gene regulation are primarily directed toward Drosophila,
where the bulk of the existing work on regulatory element discovery has been per-
formed. The most comprehensive regulatory genomics database available for
insects—in fact, for any metazoan—is REDfly, the Regulatory Element Database
for Drosophila [153]. REDfly is a highly curated portal for Drosophila cis-regulatory
data containing records for empirically validated CRMs and TFBSs obtained from
the published literature. This single searchable database of CRMs enables research-
ers to search for all experimentally verified fly regulatory elements along with their
DNA sequence, their associated genes, and the expression patterns they direct (Fig.
6.4). REDfly serves as an important source of data for both validation and genera-
tion of hypotheses about gene regulation and has been particularly important for
facilitating studies of CRM evolution and development of methods for CRM
discovery.

The JASPAR [154] and TRANSFAC [155] databases are a major source of TFBS
data, but although they contain TFBSs from Drosophila, they are not limited to
insects, and most of their data are from vertebrate species. FlyFactorSurvey, on the
other hand, contains D. melanogaster TF binding specificities as determined by
bacterial one-hybrid assays, SELEX, or DNase I footprinting. The database con-
tains PWMs associated with over 300 TFs and computational tools for identifying
motifs within new candidate sequences [156]. The related Genome Surveyor [157]
is a web-based tool for CRM discovery and analysis in a growing number of spe-
cies; covered insect species include D. melanogaster, Ae. aegypti, An. gambiae, N.
vitripennis, A. mellifera, and T. castaneum. Using the motifs contained within
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Table 6.1 Database resources for insect regulatory genomics

Resources
AgripestBase

AphidBase

Berkeley
Drosophila
Genome Project
in situ database

Ensembl-Metazoa

FlyAtlas 2

FlyBase

FlyExpress

FlyMine

FlyTF

Description

A comprehensive
model organism
database for
agricultural pests

Model organism
database

Contains genome-wide
spatial expression
profiles of 7917 genes
during embryogenesis
A database for genomes
of metazoan species
including a number of
insect species, with
tools for querying and
extracting features of
each genome such as
sequence variation,
annotation, and protein
homologies

Transcriptional profiles
of genes in multiple
tissues at multiple
larval through adult
developmental stages

Model organism
database

Digital library
capturing the
spatiotemporal
expression patterns of
thousands of genes
during development.
Can be used to match/
search for specific
expression patterns of
interest

An integrated resource
for multiple types of
genomic and proteomic
data for Drosophila and
Anopheles

An integrated database
of data for Drosophila
transcription factors

Species included (as
of June 2015)

The Hessian fly,
Mayetiola
destructor; the
tobacco hornworm,
Manduca sexta; and
the red flour beetle,
Tribolium castaneum
The pea aphid
Acyrthosiphon pisum
Drosophila
melanogaster

Genomes of 17
dipteran, 4
hymenopteran, 4
lepidopteran, 2
coleopteran, 2
hemipteran, 1
isopteran, and 1
pthirapteran species

D. melanogaster

Twelve species in the
genus Drosophila

D. melanogaster

D. melanogaster, An.
gambiae

D. melanogaster
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Link
http://agripestbase.org/

http://www.aphidbase.
com/

http://insitu.fruitfly.org/

http://metazoa.
ensembl.org/index.
html

http://flyatlas.gla.ac.uk/
flyatlas/index.html

http://flybase.org/

http://www.flyexpress.
net/

http://www.flymine.
org/

http://www.flytf.org/
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Table 6.1 (continued)

Resources
Genome Surveyor

Hymenoptera
Genome Database

JASPAR

LocustDB

modENCODE

MyzusDB

Description

A web-based tool for
discovery and analysis
of cis-regulatory
elements in Drosophila
and other organisms.
Provides prediction and
visualization of putative
CRMs and TFBSs

Model organism
database

An excellent resource
for a curated,
nonredundant set of TF
binding profiles,
derived from published
collections of
experimentally defined
transcription factor
binding sites for several
organisms; tools for
querying DNA
sequences of interest
for instances of TFBS
in the database

A transcriptomic
database with a library
of ESTs

Data access portal for
genomic and
epigenomic data from
the modENCODE
project

A preliminary database
resource with whole
genome as well as
comparative genome
analyses

Species included (as
of June 2015)

D. melanogaster, An.
gambiae, A.
mellifera, N.
vitripennis, T.
castaneum

Species in the order
Hymenoptera
including 3 Nasonia
species, 4 bee
species, and 8 ant
species; also the
genomes of 4 Apis
mellifera pests and
pathogens

D. melanogaster,;
various noninsects

The migratory locust
Locusta migratoria

D. melanogaster and
several other
Drosophila species;
Caenorhabditis
species

The green peach
aphid Myzus
persicae
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Link
http://veda.cs.uiuc.edu/
cgi-bin/gb2/gbrowse/
Dmel5/

http://
hymenopteragenome.
org

http://jaspar.genereg.
net/

http://locustdb.
genomics.org.cn/

http://www.
modencode.org/

http://www.aphidbase.
com/node_94263/
Myzus-DB
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Table 6.1 (continued)

Resources
ORegAnno

REDfly

SilkDB

SpodoBase

TRANSFAC

UCSC Genome
Browser

VectorBase

Description

An open database that
allows users to
manually curate and
annotate regulatory
elements as well as
visualize and access the
annotated regulatory
elements

Comprehensive
database of over 5000
experimentally
validated CRMs and
TFBSs along with
accompanying
information such as
expression patterns,
sequences, and target
genes

Model organism
database

Model organism
database

A manually curated
database of eukaryotic
transcription factors,
their genomic binding
sites, and DNA binding
profiles

A comprehensive
resource for all
genomic information as
well as proteomic
information for several
model and non-model
insect species

Model organism
database

K. Suryamohan and M.S. Halfon

Species included (as
of June 2015)

D. melanogaster but
mostly noninsect
species

D. melanogaster

Bombyx mori

Spodoptera
frugiperda (fall army
worm)

D. melanogaster;
many noninsects

11 drosophilids, An.
gambiae, and A.
mellifera; many
noninsects

19 Anopheline
species, Ae. aegypti,
C. quinquefasciatus,
the Tsetse fly G.
morsitans, many
others
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Link
http://www.oreganno.
org/oregano/

http://redfly.ccr.buffalo.
edu/

http://www.silkdb.org/
silkdb/

http://bioweb.ensam.
inra.fr/spodobase/

http://www.gene-
regulation.com/pub/
databases.html

https://genome.ucsc.
edu/

https://www.
vectorbase.org/
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Fig. 6.4 The REDfly database REDfly is a comprehensive CRM and TFBS database for
Drosophila. Search options (A, B), results overview (C), and detailed results (D-I) are all displayed
within a single web browser window. Advanced search options (B’) include the ability to search
based on ability of a tested genomic sequence to regulate/not regulate gene expression, position of
a CRM relative to the transcription start site of the gene, and pattern of expression regulated by the
CRM. For the latter function, an anatomy ontology browser can be used to select desired search
terms (right-hand panel). The detailed results (D-I) are displayed as individual floating windows
that can be stacked or tiled to facilitate comparison of multiple CRMs (Adapted from Gallo et al.
[153])
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FlyFactorSurvey, Genome Surveyor can predict TFBSs and CRMs in Drosophila
using several different methods, including the supervised motif-blind CRM discov-
ery method from Kantorovitz et al. [117]. FlyTF [158] allows for query-based
retrieval of curated TFs for several Drosophila species that have been identified
using different biological assays such as footprinting and chromatin interaction
assays, and their target genes, although at present it is no longer being actively
maintained. A newer resource for D. melanogaster TFs, OnTheFly, includes TFs,
their binding sites, and annotation of their DNA-binding domains with structural
properties and evolutionary homology [159].

The rapid accumulation of experimental data in the field of insect genomics
highlights the need for databases that include interactive web-based computational
analysis tools to simplify integration of different types of data such as genome-wide
high-throughput genomic data, proteomic data, transcriptome data, and RNAi data
with genome annotations for transcripts and regulatory elements. FlyMine does
much of this for the two species it covers, but does not currently provide a home for
additional insect species. REDfly would be a natural repository for regulatory-
specific data from across the Insecta as they become available and was designed
with this goal in mind, although to date no non-Drosophila data have been incorpo-
rated. Galaxy [160-162] provides a user-friendly platform for conducting many
types of genomic analysis and has potential as a unifying tool for bringing together
different data sources [163]. Although having a single consolidated resource for
insect genomics and proteomics would greatly facilitate research and reduce the
need to navigate multiple different database implementations, developing tools and
methods to better take advantage of existing resources for data integration and anal-
ysis may prove the most feasible and cost-effective strategy.

6.3 Insect Transgenesis: Historical Perspective
and Current State

6.3.1 Application to Understanding Gene Regulation

The ability to transform foreign DNA into a host genome has proven to be a power-
ful tool for genetic analysis and manipulation and is instrumental for studies of gene
regulation. Transgenesis allows for in vivo reporter gene analysis, essential for char-
acterizing regulatory sequences, as well as for generating cell- and tissue-specific
markers, determining cell lineages, ablating specific cells, and marking chromo-
somes for genetic studies.

Genetic transformation was first applied to insects almost half a century ago in
the flour moth Ephestia kuehniella [164]. In this experiment, larvae with mutant
wing scales were injected with wild-type DNA, with some developing into adults
with rescue of the phenotype from integrated DNA. Microinjection of DNA into
embryos began in the late 1970s with mutant rescue experiments in D. melanogaster
[165], but Drosophila transgenesis did not really take off until the seminal development
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by Rubin and Spradling of stable germline transformation through the use of the P
element transposon [166, 167]. This marked the first instance of mutant rescue in an
animal model by heritable gene transfer and laid the foundation for germline trans-
formation in many other model organisms. Although P-based transformation proved
ineffective for other insect species, a number of other transposable elements with
broad efficacy in insects have since been identified. Minos, originally discovered in
D. hydei, was the first transposon vector that was successful in transformation of a
non-drosophilid, the medfly Ceratitis capitata [168]. The Minos transposon is espe-
cially useful because of its low insertional bias and high-frequency transformation
rates and has thus seen wide use in vertebrate and invertebrate model organisms
alike [169]. A second transposon, piggyBac, discovered in the cabbage looper moth
Trichoplusia ni [170], is perhaps the most widely used transposon vector to date and
has seen use for transgenesis in many eukaryotic systems [171], including insects
[172] and even human cells [173]. piggyBac has been used to extend enhancer trap-
ping strategies for identification and functional analysis of genes in both B. mori and
T. castaneum [9, 174—179] and has also been used to transform the genomes of the
butterfly Bicyclus anynana and the honey bee A. mellifera [180, 181]. Bicyclus has
also been transformed with the transposon Hermes [180].

More recently, the use of site-specific recombinases has allowed for reproducible
insertion into specific loci. One of the most highly used systems is the pC31 inte-
grase [182—-187]. A high and stable integration frequency coupled with its ability to
accept integration of large inserts (over 100 kb) has made this a method of choice
for many Drosophila applications. Subsequent reports have demonstrated the utility
of this integrase system in Ae. aegypti, Ae. albopictus, An. gambiae, C. capitata, and
B. mori [188—194]. Although @C31 integration shows great promise for facilitating
efficient transformation in diverse insect species, an important caveat is that its use
requires prior engineering of the host genome to insert an a##P landing site for the
integration event; multiple landing site choices are desirable as not all sites may
prove effective for all applications. Therefore, ¢C31-mediated transgenesis has
been restricted to species for which at least one other method for germline transfor-
mation is already available, so that landing site strains can be constructed. However,
the relative ease of CRISPR-/Cas9-based genome engineering may soon make it
possible to readily add integration landing sites or to simply insert transgenes at a
desired location, in a species of choice. Indeed, while the genomes of most insects
historically have been refractory to manipulation, the i5K project has provided an
impetus to develop and apply efficient transgenic technology to better take advan-
tage of the wealth of accumulating sequence data, and it is likely that we will soon
see rapid improvements in strategies for insect transgenesis.

6.3.2 Biotechnological Applications

Effective insect transgenesis will be instrumental to further studies of insect biology
and to the understanding of insect gene regulation, and the ability to combine
transgenic technologies with a firm understanding of regulatory genomics carries
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exciting potential for developing improved methods for insect management and con-
trol. For example, the ability to drive gene expression in the adult female salivary
glands, midgut, and fat body of Anopheline mosquitoes (tissues that play critical
roles during infection by and transmission of malaria-causing Plasmodium parasites)
should greatly facilitate studies of mosquito/parasite interactions and may eventually
lead to improved strategies for malaria mitigation [195]. A CRM of the nanos gene
has been used to drive gene expression in female germ cells of Ae. aegypti, a key
innovation in mosquito transgenic technology with major implications for future
genetic engineering and improved population control of this important disease vector
[196]. Similarly, the recent development of female-flightless transgenic control strat-
egies for Ae. aegypti uses a muscle-specific CRM to ablate flight muscles in adult
females, leading to flightless and therefore effectively sterile mosquitoes [194, 197].
In a materials science rather than a disease vector control setting, application of
transgenic technology has been used in the silkworm B. mori to produce a variety of
biomaterials including expression of the spider silk protein MaSp! driven by the B.
mori Serl promoter, resulting in silkworm-produced silk with the same unparalleled
tensile and structural properties as spider dragline silk [198, 199] (see volume 2,
Chap. 9, in this series). Elucidation of additional species-specific and tissue-specific
regulatory elements, coupled with improved ability to construct transgenic insects,
promises many more advances along these lines in the years to come.

6.4 Prospects for Studying Evolution

Changes in CRMs alter the structure and function of gene regulatory networks,
making CRM evolution a major driving force of the morphological diversity seen in
metazoan body plans [200-203]. New regulatory functions may be acquired not just
by changes in existing CRMs [204-208] but also by the gain of entirely new enhanc-
ers, which can arise de novo from nucleotide substitution, deletion, insertion, trans-
position, or duplication. The details of these processes, as well as the relative
frequency of CRM repurposing versus CRM creation, are not yet well understood.
Insects are an ideal class of animals in which to study regulatory evolution due to
their tremendous diversity and the growing number of species becoming amenable
to experimental manipulation. The incredible morphological specialization found
within insects even at the family and subfamily level provides us with the opportu-
nity to build a comprehensive comparative developmental framework and to eluci-
date the genetic and molecular mechanisms behind the vast insect radiation.

6.5 Concluding Remarks

The past decade has witnessed dramatic progress in the area of regulatory genomics,
driven by developments in genome sequencing and analysis. Insects, spearheaded
by the model research animal D. melanogaster, have played a major role in these
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advances. The next several years will see completion of the full genome sequencing
of a large number of insects across a wide evolutionary spectrum. A great challenge
will thus be annotating the regulatory genomes of these diverse sequenced species.
Fortunately, the outlook is bright for non-model insects. Decreasing costs for
genomic assays and the ability to apply them to increasingly small numbers of—or
even single—cells [59, 69, 70, 209] raise the hope that direct empirical studies will
become feasible for many different species. Similarly, methods such as RNAi and
CRISPR-/Cas9-based genome engineering open up traditionally nongenetic sys-
tems to experimental analysis. Computational methods, which have matured greatly
over the last dozen years, can predict with growing accuracy CRMs in model and
non-model organisms alike. It is thus with great anticipation that we look forward to
seeing the power of the computational and empirical methods developed for study-
ing regulatory genomics applied broadly to the insects, with their enormous diver-
sity and tremendous impact on human health and agriculture.

6.6 Further Reading

For a general treatment of transcriptional regulation in eukaryotes, see the detailed
review by Maston et al. [33].

For a current perspective on enhancer biology and the implications of the myriad
studies on the role of enhancers in development, disease, and evolution, see the
recent set of commentaries by several prominent researchers in Nature Genetics
[210].

For more on how TFBSs can be represented and the basis for such representa-
tions, see [104]. The review by Stormo [104] remains one of the best gentle intro-
ductions to PWM-based TFBS representation. For a brief and accessible yet
thorough treatment, see [211].

For more on computational tools available for motif discovery, readers are
referred to the excellent reviews by Zambelli et al. [212], a commentary on the dif-
ferent methods for TFBS discovery before and after the advent of next-generation
sequencing, and Maclsaac et al. [213], which describes strategies for using motif-
based methods and tools.

Reviews on methods for CRM discovery (both empirical and computational)
include Haeussler and Joly’s review on strategies and methods to choose when
embarking on a CRM discovery project [214] and overviews of the many computa-
tional methods for CRM discovery by Van Loo and Marynen [215] and Aerts [216].

For a review on the numerous next-generation technologies currently available to
aid functional genomics studies, readers are referred to the excellent commentary
by Wold and Myers [217]. Zentner et al. [218] discuss using chromatin features to
identify enhancers, and Shyueva et al. [219] provide a recent review on current tech-
nologies available for large-scale annotation of regulatory elements.

Resources for Drosophila-specific genomics are comprehensively reviewed by
Mohr et al. [220].
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For reviews on the role on enhancers and CRMs in evolution, see [73, 200, 203,
221]. For thorough coverage of this subject, two major treatments are the books by
Eric Davidson [103] and Sean Carroll [222].
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