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■ Abstract Analysis of gene expression is assuming an increasingly important
role in elucidating the molecular basis of insect biology. Transcriptional regulation
of gene expression is directed by a variety ofcis-acting DNA elements that con-
trol spatial and temporal patterns of expression. This review summarizes current
knowledge about properties of transcriptional regulatory elements, based largely on
research inDrosophila melanogaster, and outlines ways that new technologies are
providing tools to facilitate the study of transcriptional regulatory elements in other
insects.
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INTRODUCTION

Transcriptional regulation is woven into the entire fabric of biology; thus, knowl-
edge of gene expression is a critical component of understanding many issues
relevant to entomology, including pesticide and disease resistance, behavior, evo-
lution, and development. These and other topics have been studied with the tools of
molecular biology, allowing the identification of relevant structural genes; however,
the control of these genes is often poorly understood. Transcriptional regulation
is effected bycis-acting DNA sequences that direct the assembly of the protein
machinery responsible for transcription. Alterations in thesecis-acting regulatory
sequences are thought to play driving roles in morphological diversification and
evolution of developmental mechanisms (106). In addition, quantitative trait loci
that contribute to adaptations often correspond to genetic alterations in putative
cis-acting regulatory elements rather than protein-coding regions of genes (68).

Often the entomologist will be presented with sequences of genomic DNA that
may contain transcriptional regulatory sequences, but functional understanding
of these DNA elements can be hampered by the lack of genetic and molecular
genetic tools. Functional analysis of insect transcriptional regulatory regions is
based largely on work inDrosophila melanogaster. Fortunately, general proper-
ties of eukaryotic transcriptional regulation are highly conserved, especially among
metazoans; thus, lessons learned fromDrosophilacan often be directly applied
to other insects. The extensive analysis ofDrosophilatranscriptional “wiring dia-
grams” should provide the basis for accelerated analysis ofcis-acting elements in
other organisms.

This review focuses on thecis-acting DNA sequences, rather than thetrans-
acting transcriptional machinery, to assist in answering questions about subjects
such as the size of a regulatory region, the possibility of coordinate regulation of
closely spaced genes, the nature and importance of basal promoter sequences, and
how to predict the transcriptional output of a given promoter. We are still some
way from answering all these questions without the use of empirical tests, but
consideration of general properties of transcriptional control regions identified in
Drosophilawill allow investigators to identify features that might be important
for their system. In addition, new bioinformatic approaches promise to directly
“read” transcriptional regulatory information from the genome, at least partly
circumventing the need to experimentally determine the function ofcis-acting
sequences. This possibility is especially important to those working in genetically
less tractable systems.

For more information on the transcriptional machinery, the reader is directed
to recent reviews on RNA polymerase II transcription (58, 80, 84, 116), chro-
matin and chromatin remodeling machinery (90, 115), transcriptional activators
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and repressors (26, 58), boundary elements (4, 36), more-specialized elements such
as molecular memory modules (4, 69), and heterochromatin (42).

FEATURES OF TRANSCRIPTIONAL
REGULATORY REGIONS

Three general types ofcis-acting elements control the activity of RNA polymerase
II–transcribed (i.e., protein coding) genes (Figure 1): (a) basal promoter sequences
near the transcriptional initiation site. These elements provide a binding site for
RNA polymerase II and the basal transcriptional machinery that acts on most pro-
moters. (b) Enhancer elements that contain binding sites for sequence-specific
transcription activators and repressors, which regulate levels of gene activity.
(c) Boundary elements or insulators, which can functionally separate regulatory
elements. Rather than acting in separate roles, the three types of elements are func-
tionally interrelated, and these complexities contribute to the specificity of gene
regulation. The term “promoter” is often used to indicate all regulatory sequences
associated with a gene, including enhancer sequences and the basal promoter.
More specialized elements, such as those that interact with Polycomb and Tritho-
rax regulatory proteins, are not thought to be associated with most genes and are
discussed in recent reviews (31, 69).

Transcriptional regulatory information can be located entirely within 100 bp
of the transcriptional initiation site, as with testis-specific promoters, or in some

Figure 1 Cis-acting transcriptional control elements. Basal promoter includes
∼100 bp of sequence flanking the initiation site, onto which general transcriptional
machinery loads. Enhancer sequences (ranging in size from 50 bp to several hundred
basepairs) are located at variable distances from+1; these bind to sequence-specific
transcriptional regulators that control output levels of basal promoter. Boundary ele-
ments, found near some genes, insulate the gene from local chromatin effects and can
screen the gene from the influence of distal enhancers. The inset shows the disposition
of three sequence elements of basal promoters (see text).
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cases distributed over a large region, as in thebithoraxcomplex, which contains
three HOX genes in a 300-kbp region replete with regulatory elements (34, 60).
In general, larger regulatory regions are required for diverse tissue-specific and
temporal patterns of expression because in most cases individual enhancers are
required for separate portions of an expression pattern. Genes dedicated to a single
function, such as tissue-specific structural genes, often contain all information for
tissue and temporal specificity in a small regulatory element of a few hundred
basepairs.

When no other information is available, the region within a few kilobasepairs
5′ of the initiation site is often the first place examined for regulatory information.
For many genes, such as those encoding heat shock proteins, glue proteins, some
immune-response proteins, cytochrome P450 enzymes, and chorion proteins, it
appears that all necessary regulatory information is present within 1 kbp of the
basal promoter (30, 57, 59, 78, 107). For a number of important regulatory genes,
however, essential transcriptional information is found tens of kilobasepairs from
the initiation site (33, 60, 75).

How representative arecis-regulatory elements inDrosophilafor other insects
and for metazoans in general? Given the high degree of conservation of the tran-
scriptional machinery in all eukaryotes (2, 58), the ability of regulatory elements
to function in heterologous systems (53, 77, 86), and the common occurrence of
long-distance regulatory elements in metazoans, it is clear that in most aspects
Drosophila is an appropriate model system. One area in which this system was
not believed to be representative was in DNA methylation. Until recently,D.
melanogasterwas generally thought to lack 5-methylcytosine, an important modi-
fied nucleotide in mammalian genomes that functions in transcriptional regulatory
phenomena such as imprinting and certain types of repression. DNA methylation
in other insects such as aphid, cricket, and mosquito have been previously re-
ported, leading to the question of whetherDrosophila is atypical in this respect
(37, 109). Recent genomic analyses showing the presence of genes homologous
to DNA methyltransferase and methyl CpG binding proteins inD. melanogaster
have prompted a reexamination of this issue (47, 109). Using new, more sensitive
techniques, low levels of 5-methylcytosine have been identified, primarily during
early stages of embryogenesis (37, 67). The possible functional role of cytosine
methylation inDrosophilaremains unknown, as in other insects; thus, we do not
know whether some types of transcriptional regulation via DNA methylation will
be accurately modeled in the fly.

BASAL PROMOTER ELEMENTS

A basal promoter can be defined as the∼100 bp of sequence surrounding the
transcriptional initiation site that comes into close contact with the general tran-
scriptional machinery. This region contains TATA sequences (consensus TATAAA)
centered at−30, Initiator (Inr) sequences at+1 (consensus TCAGT), and down-
stream promoter elements (DPE) at+30 (consensusA/GGA/TC/TGT) (Figure 1).
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Not all basal promoters contain all three elements. In a survey of 205 promoters
with accurately mapped start sites, approximately half had a recognizable TATA
sequence, almost half had a DPE, and about one third had neither (56). Initiator-like
sequences were found in approximately one quarter of arthropod promoters sur-
veyed (24). Identification of the transcriptional initiation site requires mapping the
5′ end of a transcribed RNA by primer extension, S1 nuclease protection assays, or
cloning of cDNAs, especially those isolated based on the mRNA 5′ cap structure
(104). Computer identification of basal promoters in genomic sequences has met
with limited success, but a current effort to map∼2000Drosophilatranscription
start sites from oligo-capped cDNA libraries should provide a much larger basis for
development of bioinformatic methods [(81); U. Ohler, personal communication].

The elements of the basal promoter provide nucleation sites for binding by basal
transcriptional machinery. The TATA sequence interacts with the TATA binding
protein (TBP), a crucial part of the basal transcription machinery that helps anchor
the RNA polymerase and basal transcription factors at the promoter. TBP is a
subunit of the multicomponent TFIID general transcription factor, which contains
about 10 TBP-associated proteins (TAFs) (2). The initiator region contacts TAFs
and the RNA polymerase itself (23, 87). The DPE was identified by its contacts
with TAF proteins and has been suggested to function as an alternative docking
site for the TFIID factor (19).

The functional role of these basal promoter elements appears to be strongly
context dependent. In vitro studies in mammalian systems indicated that TATA
and Inr elements can be functionally redundant (121), but in vivo analysis of the
hsp70promoter indicated that TATA function was indispensable and was not re-
dundant with the Inr (117). On this promoter, Inr and DPE have important but
largely redundant activities, so mutation of either element individually has little
effect (117). In contrast to thehsp70promoter, loss of the conserved Initiator el-
ement of the TATA-less testis-specificβ tubulin promoter has a stronger effect,
decreasing transcription by one half (92). On the TATA-lessvermillion promoter,
a TATA element can substitute for a DPE (32), suggesting equivalence of function,
but a number of embryonic enhancers tested can discriminate between otherwise
identical basal promoters containing either a TATA element or a DPE (20, 83).
An additional indication of functional distinctions between basal promoters is that
TATA-containing promoters are repressed by the NC2 (Dr1/Drap1) basal transcrip-
tion factor, whereas DPE-containing promoters are activated by the same factor in
in vitro assays (113).

Basal promoter regions are also sometimes bound by sequence-specific tran-
scription factors that play important roles in regulation of individual genes.
Binding of the Zn finger Ovo protein to the initiator region of theotu gene is
important for ovary-specific expression (64). The TATA-lessdpp core promoter
extending from−22 to+6 is bound by a sequence-specific factor in the embryo,
and this core promoter is by itself sufficient to direct a qualitatively correct pattern
of expression (96). GAGA factor binding sites located within theeven-skipped
basal promoter confer enhancer-blocking activities upon this element (82). The
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temporal regulation of two promoters of Adh has been linked to direct binding of
the inactive promoter by the AEF-1 repressor protein (88). For the most part, it is
not known whether sequence-specific factors have the same function when bound
to the basal promoter as when they bind to more distal sequences. Often sequence-
specific transcription factor binding sites are found close to the basal promoter, but
in contrast to the examples cited above, the exact placement of sequence-specific
regulators with respect to the transcriptional initiation site is not critical; thus, these
binding sites can be considered as enhancer elements.

The general conclusion to be drawn from these studies is that basal promoter
sequences and elements cannot be assumed to be generic and interchangeable, a
consideration to be taken into account in the design of transgenic vectors. Although
in cell culture diverse basal promoters can be functionally interchangeable (51),
in some cases the structure of basal promoters can be important for the function of
endogenous genes (99) (see Shared or Exclusive Enhancer-Promoter Interactions,
below). Alternative forms of TBP protein have been found inDrosophila; these
proteins are expressed in tissue-specific manners and have alternative sequence
specificity, suggesting that alternative basal transcriptional complexes may nucle-
ate on distinct types of basal promoters (110).

BOUNDARY ELEMENTS

Boundary elements or insulators are regulatory regions typically several hundred
basepairs in length that bind to sequence-specific factors, establishing a barrier
between regulatory elements on one side and basal promoters on the other and
insulating genes from repressive effects of heterochromatin-mediated silencing.
These elements have been found in bothDrosophila and vertebrates and play
important roles in the regulation of HOX-complex genes inDrosophilaand im-
printed genes in vertebrates. Recent reviews discuss the functional properties of
these elements and some of the proteins that interact with them (4, 36). It is clear
that theFab and Mcp boundary elements of thebithorax complex are critical
for the proper regulation of this complex locus, separating the activation or re-
pression signals established on distinct portions of the locus (76). However, most
genes do not have the complexcis-regulatory design of these genes, and it ap-
pears that boundary elements do not play a decisive role in the regulation of
most genes. Functional studies of these elements have therefore focused on loci
into which an element has been inserted by a transposon or by the investigator
(4, 36, 97).

The heterochromatic insulating properties of elements bound by the cellular
Su(Hw) protein have been exploited to make transformation vectors that are less
susceptible to position effects on gene expression (8). Although their effectiveness
outside ofDrosophilahas not been demonstrated, boundary-element function is
in some cases conserved even betweenDrosophilaand vertebrates. It is therefore
likely that Su(Hw) insulators will work in other insect systems.
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ENHANCERS

Definition of the Term Enhancer and Functional Analysis

Enhancers were originally defined as viral, and later as cellular, DNA sequences
that increased expression of a linked gene in an orientation- and distance-indepen-
dent manner (7, 13). In contemporary usage, an enhancer can refer to any discrete
(usually less than 1 kbp) element that binds sequence-specific transcription factors
acting in a positive or negative manner. Usually more than one single type of
transcription factor binds to an enhancer, but artificial multimerized binding sites
for a single factor can act like an enhancer (16). For the purposes of this discussion
I consider a functional cluster of transcription factor binding sites as an enhancer,
regardless of the distance to the initiation site.

Enhancers have been suggested to function through two distinct pathways:
through remodeling of chromatin, thereby facilitating or interfering with binding
of the transcriptional machinery, and through direct interactions with the general
transcriptional machinery (13). Both mechanisms appear to be important in vivo.
The result of these activities can be to trip a gene from an inactive to an active state
(on/off effect) or to modulate transcription levels (rheostat effect) (4).

Identification of enhancers was achieved originally through genetic approaches
such as classic mutations that altered expression of HOX genes in thebithorax
complex (60). With the advent of transgenic technology inDrosophila, numerous
“promoter bashing” experiments allowed the direct identification of regulatory re-
gions by functional analysis (45, 95, 102). Recent progress in bioinformatics and
the completion of theDrosophilagenome has facilitated this work by identifying
potential regulatory regions based on conserved clusters of binding sites that in
some cases are evolutionarily conserved. Putative factor binding sites have been tra-
ditionally identified through biochemical approaches, such as DNAseI protection
or gel-mobility shift assays (122). Functional in vivo assays, in which individual
elements are tested and the effects of mutating binding sites are assayed, are still
required to verify these predictions, however.

Alternative approaches have been used, especially where transgenic methods
are impractical, including transfection of reporter constructs in cell culture. These
experiments have been useful in functional analysis for some types of compact
regulatory elements, such as those associated with heat shock, cytochrome P450,
and vitellogenin genes (30, 57, 72). This approach is less satisfactory with pro-
moters that require cell-type-specific factors or input from signal transduction
pathways. In vitro transcriptional assays have also been extensively employed,
but as with cell culture assays, in vitro transcription assays are more successful
in modeling the potential activities of a single factor rather than the activity of
a complex enhancer. Less commonly, regulatory regions have also been studied
using biolistic transformation of insect tissues, electroporation, and introduction
of genes on viral vectors [(54) and references therein]. With the development of ef-
ficient broad-spectrum transformation systems, analysis ofcis-regulatory regions
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in transgenic organisms should be the benchmark for understanding enhancer
function (5).

Models of Enhancer Activity

Two distinct models of enhancer action have been proposed to ascribe differ-
ent computational functional roles to the enhancer (Figure 2). In the first, the
“enhanceosome” model, the arrangement of binding sites within the enhancer is
critical to dictating the correct output of the element, so the enhancer acts as a
molecular computer, leading to a single output directed to the general machinery
(25, 103). In the best-studied example, the regulatory element controlling the hu-
manβ interferon promoter, cooperative interactions between architectural proteins
and sequence-specific activators assemble a monolithic complex that subsequently
recruits coactivators required to fire the promoter (74) (Figure 2A). In the second
model the enhancer acts as an information display, or “billboard,” which is then
read and interpreted by consecutive interactions with the basal machinery. In the
case of a billboard enhancer, exact binding site locations are less critical, and both
activating and repressing states can be represented at the same time within an
enhancer (55). It is not cooperative assembly of a higher-order structure, but suc-
cessive interactions with the basal transcriptional machinery, and the biochemical
consequences of these multiple interactions, that dictates the output of the enhancer

Figure 2 Alternative models of enhancer action. (A) “Enhanceosome” complex of
carefully positioned, cooperatively bound transcriptional regulators provides a single
output to the basal promoter. (B) “Billboard” or information display enhancer contains
loosely constrained transcription factor sites binding proteins that interact with the
basal machinery in a variety of conformations. The subelements of the enhancer can
represent conflicting signals, which are deciphered by consecutive interactions with
the basal machinery. (Left) Activators send positive output to promoter, resulting in
transcriptional initiation; (right) negative signal output from a repressor.
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(Figure 2B). The billboard enhancer model appears to more accurately describe
many developmentally active enhancers, whose exact composition of binding sites
is subject to rapid change in evolutionary time, even as the overall output remains
constant (65, 66). Considering these functional differences, a distinction should
be made between the termsenhanceosome, which implies important cooperative
assembly processes within the enhancer-bound proteins, andenhancer, which may
or may not function in this manner.

Many enhancers activated by signal transduction pathways require more than
one type of activator to achieve correct tissue specificity. The requirement for
multiple signal inputs is suggested to reflect a common enhancer design scheme,
whereby a field of cells is made competent for expression by the presence of
a widely expressed activator (e.g., field-selector gene) that by itself is a weak
activator (9). Only in those nuclei receiving an input from a signal transduction
cascade are additional activating proteins bound to the enhancer, allowing the gene
to fire. To achieve greater specificity, in the absence of this signal corepressors bind
in place of the coactivators, suppressing the weak activity of the widely expressed
general activator. In the case of the Notch signaling pathway, the DNA binding
protein Su(H) can interact either with a fragment of Notch as a coactivator or with
Hairless as a corepressor (9). Synergistic interactions with the widely expressed
Scalloped/Vestigial activator proteins provide a strong transcriptional output. The
exact positioning of these transcription factors within a native enhancer is not
critical, for an arbitrary arrangement of two binding sites each for Su(H) and Sd
is sufficient to mimic the expression pattern of a native element (39).

Pattern Generation by Enhancers

Enhancers can act as information integrators or simply passively replicate a parti-
cular pattern of gene expression established previously (4). It is difficult to predict
a priori whether tissue and temporal specificity of transcription is associated with
a large, complex regulatory element or a simple element. In the case of theeve
pair ruled gene, the iterated seven-stripe blastoderm expression pattern reflects
the integration of positional and temporal information by five separable elements
comprising 4 kbp of DNA bound by over seven distinct types of transcriptional
regulator (33, 101). The large amount ofcis-regulatory sequence is required to pro-
gram cells as eithereveexpressing orevenonexpressing, an essential step in the
establishment of segmentation. In contrast, after cells have differentiated, expres-
sion of tissue-specific factors can recapitulate this tissue-specific pattern by binding
to simplecis elements. For example, small autoregulatory elements ineveandftz
are sufficient to drive the multistripe pattern in later embryos, in response to earlier
stripe patterning, and a short element containing multimerized Pax6/eyeless factor
sites is sufficient to drive gene expression in an eye-specific pattern (49, 94, 95).
In experimental settings, precise tissue-specific gene expression can be achieved
using transgenes containing five binding sites for the yeast Gal4 activator, which
is expressed under the control of tissue-specific enhancers (16).
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The biochemistry of gene activation does not require more than one single type
of transcription factor; Pax6/eyeless and Gal4 alone can drive robust expression.
More typically, though, several proteins are involved in regulation, even on small
tissue-specific transcriptional switches. A minimal regulatory element from the
yp1/2ovarian-specific enhancer contains binding sites for four distinct proteins
within ∼40 bp: a tissue-specific activator that synergizes with a ubiquitously ex-
pressed activator, a constitutive repressor that represses the gene in nonovarian
tissues, and a female-specific activator that displaces the repressor (1). A 125-bp
larval fat body–specific element for theFbp1gene contains a timing element in
the form of an ecdysone receptor binding site that permits expression in response
to proper levels of hormone, an AEF-1 repressor binding site that keeps the gene
off in nonfat body tissues, and redundant GATAb protein sites that provide both
activation and antirepression activities (17).

These minimal elements often represent only the pattern-specific part of the
entire control region, with other sequences playing a role in overall signal amplifi-
cation. In one case, the proximal element of the mosquito vitellogenin regulatory
region binds to four distinct activators and is sufficient to drive low-level expres-
sion of the element in the correct stage and tissue-specific manner, but upstream
sequences with additional factor binding sites are required to achieve wild-type lev-
els of expression (53). Similar regulatory designs with separate specificity/signal
amplification modules have been described in the sea urchin (3).

Shared or Exclusive Enhancer-Promoter Interactions

Enhancers can activate basal promoters over long distances, thus raising the ques-
tion of how regulatory information is targeted to the correct gene. In some cases,
regulatory sequences lie between divergently transcribed genes, which may share
cis-regulatory elements. In other cases, regulation may be selective. An example
of shared regulation is seen in the case of the divergent yolk protein 1 and 2 genes
(yp1 andyp2), which are separated by 1225-bp-containing fat body and ovary-
specific enhancers (15). Both genes are simultaneously fired in each tissue by the
same regulatory elements. In some cases in which an enhancer engages multiple
promoters, promoter competition occurs, but in the case of theyp1andyp2genes,
access to enhancers does not appear to be rate limiting; rather, a poorly understood
promoter dependence was noted, in which damage to one basal promoter reduced
the activity of the other (97).

Divergently transcribed genes may also share regulatory sequences, but in a
temporally separated fashion. The divergently transcribedPig1 andSgs4genes
are expressed in the larval salivary gland in a sequential fashion, with shut-off of
Pig1 transcription accompanying upregulation of theSgs4gene (59, 79). These
genes are separated by a 838-bp region that contains multiple factor binding sites
for activators and at least one inhibitory factor. One cluster of activators is capable
of activating both genes simultaneously, but an additional element allows tran-
scriptional activity to be directed to the Pig1 promoter until mid third instar (79).
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Then transcriptional activity is focused onSgs4until an ecdysone-regulated loss
of one activator protein inhibitsSgs4expression (89).

Some divergently transcribed genes do not share regulatory information at all.
Such enhancer-promoter specificity can be dictated by the elements of the basal
promoter, including TATA, DPE, and Inr elements. Distinct types of basal promot-
ers allow enhancers near thedppandgsbgenes to selectively activate the correct
promoter and not neighboring genes (62, 75). A molecular basis of such specificity
has been suggested from studies of the AE-1 enhancer, which normally activates
only theftzpromoter and not the divergentscrpromoter. This enhancer’s specificity
appears to be dependent on the presence of a TATA sequence within the activated
gene (83). A recent transgenic comparison of DPE- or TATA-containing basal
promoters identified endogenous enhancers that activated only DPE-containing
promoters, as well as enhancers that activated only a TATA-containing promoter.
A majority of the enhancers tested activated both genes, however, suggesting that
most enhancers activate disparate promoters (20).

In addition to basal promoter specificity, restriction of enhancer activity to one
promoter over another might also be effected by placement of a boundary element
between the two genes. Experimentally, this has been observed for theyp1 and
yp2 genes using Su(Hw) elements (97). In another case, boundary element–like
activity mediated by theevebasal promoter was also observed (82). Aside from
these experimental situations, it is not known whether boundary elements are
frequently utilized to screen promoters from unwanted enhancer attention. In the
best understood cases of biological activity of boundary elements in thebithorax
complex, the activity of these elements seems critical to separate differentially
regulated enhancers (76).

Enhancer Redundancy

The billboard model of enhancers suggests that there are multiple configurations
in which enhancer-bound factors can interact with the basal transcriptional ma-
chinery. Consistent with this model, functional analysis of manycis-regulatory
elements suggests that redundant regulatory information is represented in dis-
crete, separable sequences. In the case of yolk protein genes, for example, the
125-bp enhancer that gives fat body activity can be deleted from the upstream
region without measurably affecting expression, and a deletion that removes most
of the intergenic region only had subtle effects on expression (86, 97).Krüppel
expression in the central domain of the embryo is directed by two adjacent en-
hancers that each independently drive the correct pattern of gene expression (45).
In the case of theevestripe 2 enhancer, removal of activator binding sites in the
context of a 5.2-kbp element had weak and variable effects in contrast to the more
drastic effects noted when a minimal stripe 2 element was assayed (101, 102). A
similar redundancy in enhancer design was noted with enhancers that drive the
blastoderm stripe pattern of expression offtz, where mutations in individual acti-
vator sites had little measurable effect on activity, although mutation of multiple
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sites abolished activity (40). Repressor binding sites also function in a redundant
manner, as in the case of multiple Brinker binding sites within thezenpromoter
(91). Regulatory mutations that involve a single protein binding site are in gen-
eral rarely detected, suggesting that most enhancers are built to withstand a fair
degree of change without suffering catastrophic loss of activity. In addition to the
likely functional redundancy built into many systems, our inability to measure
subtle changes in transcriptional output of altered elements may also explain the
apparent robustness ofcis-regulatory elements to alteration (105).

In contrast to this redundancy, some complex regulatory regions do show strong
dependence on a few sites. The regulatory region of thediptericin antibacterial
gene, for instance, contains conserved binding sites for Rel-type transcriptional
activators (73). Although the sites are not sufficient to confer activation, loss of two
of these sites in a 2.2-kbp enhancer abolished induction of a reporter in response
to bacterial challenge, consistent with an enhanceosome type of model (73). Both
insect and vertebrate genes utilize Rel domain proteins in innate immune responses,
and enhancers such as this that are designed for sudden inducibility might tend to
function as enhanceosomes (103).

SOME SPECIAL PROMOTERS

Modular Enhancers and Short-Range Repression

Many developmentally regulated genes have independently acting modular con-
trol elements. An initial indication of the modularity of transcriptional regulatory
regions came from the identification of mutant alleles of thehairy gene, which
is normally expressed in a seven-stripe pattern in the embryo (46). Deletions up-
stream of the structural gene caused a loss of individual stripes rather than a general
effect on all regions of expression. Subsequent dissection ofhairy regulatory re-
gions revealed the presence of individual modular enhancer elements, each of
which is subject to the action of activators and repressor proteins, a finding that
has been replicated with many other genes, includingeven-skipped(33, 101). One
surprising finding from studies ofeveenhancers is that in an individual nucleus at a
given moment, one enhancer can be repressed while an adjacent enhancer actively
signals the promoter. The reason for this functional independence is that the si-
lenced enhancers are repressed by proteins that work over a short range (<100 bp),
so distances between enhancers of a few hundred bases are sufficient to prevent
improper cross-regulation (38). Artificially juxtaposing two normally distant en-
hancers causes improper repression of one element by repressors bound to the other
(100). Repressors that act over long distances have also been identified, but it is not
yet clear how their activities are integrated into modular control regions (26, 38).

Compact Testis-Specific Promoters

Unlike the uniformly compact promoters associated with RNA Pol I and III tran-
scription units, RNA Pol II–regulated promoters active in most tissues are variable
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in size. An exception to this observation is formed by a number of testis-specific
genes with unusually small transcriptional control elements, often extending no
more than 100 nt 5′ of the initiation site. The expression of the testis-specificβ2
tubulin gene depends on a 14-bp element at−40 that contributes tissue specificity
and on two small elements just 5′ and 3′ of +1 that are important for overall activity
of the promoter (92). As is the case with other testis-specific genes, the nature of
the proteins that might interact with these functional motifs is not known, although
binding activities have been identified in gel-shift assays (92). Like other testis-
specific promoters, theβ2 tubulin gene contains a conserved Inr but lacks a TATA
box. The 14-bp element does not activate a heterologous TATA-containing basal
promoter, suggesting that a distinct type of basal machinery architecture might be
used on this class of gene. This notion is supported by the finding that the testis-
specific TAFII80 and TAFII110 homologs encoded bycannonballandno-hitter,
respectively, are required for wild-type expression of a number of testis-specific
genes (2, 44). Cannonball and No-hitter may function as part of a tissue-specific
form of TFIID or, like other TAFII’s, they may function as part of a histone acety-
lation complex (90, 115).

In some cases, the close spacing of testis-specific genes would indicate small
cis-acting regions. For example, a cluster of four adenylyl cyclase genes had in-
tergenic spacings of only 166, 84, and 39 bp (21). However, it is important to
consider that some regulatory elements map within transcribed regions or within
the sequence of upstream genes. Inβ2 tubulin and the H1-likedon juangenes,
there are transcriptional control elements immediately downstream of the initi-
ation site, overlapping sequences that play a role in translational control of the
mRNA (14, 92). In some cases, control elements are located within transcribed re-
gions of upstream genes, such as the 53-bp element responsible for male-specific
transcription ofgonadalfound at−330 bp within the coding sequence of an up-
stream gene not expressed in male germline and a control element for male-specific
transcription ofJanus Blocated within an exon of the upstreamJanus Agene
(93, 119).

Promoters in Heterochromatin

Most protein-coding genes are located in euchromatic regions, but a small number
of genes such aslight, rolled, andconcertinaare embedded in heterochromatin,
chromosomal regions with a more compact structure and rich in repetitive se-
quences (42, 111). Little is known about the transcriptional regulation of such
genes, except that in contrast to most genes, which are repressed by proximity
to heterochromatin, these are fully functional, and in the case oflight are posi-
tively regulated by heterochromatin (41). TheD. melanogaster lightgene has an
unusual pattern of transcriptional initiation, with start sites spread over a region
of ∼200 nucleotides. InD. virilis , by contrast, in which thelight gene is located
in euchromatin, transcription initiates at a single site. When introduced intoD.
melanogaster, theD. virilis gene can rescue alight mutant, which indicates that
the overall regulation of the genes has been conserved despite the differences in
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chromatin context and basal promoter function (120). Future work should identify
the specific regulatory features that allow this gene to function in a heterochromatic
context.

runt: A Disperse Regulatory Element

Similar toeveandftz, initial embryonic patterning of therunt gene is under con-
trol of individual, modular stripe enhancers. Unlikeeveand ftz, however, later
expression ofrunt is not regulated by a compact autoregulatory element, but by
a large region, over 5 kbp in size, that cannot be subdivided into independent el-
ements (52). This large regulatory element appears to be unusual, but traditional
approaches to promoter analysis have concentrated on those elements that are
compact (<1 kbp); thus, the true frequency of disperse elements may be higher
than generally appreciated. Evolutionary conservation of this disperserunt ele-
ment is low, suggesting that interacting functional subelements might be widely
distributed within this regulatory region (114).

EVOLUTION OF CIS-REGULATORY ELEMENTS

The rates of change in transcriptional regulatory regions during evolution can differ
markedly from those in protein-coding sequences. In some cases the sequences of
transcriptional regulatory regions are considerably altered, yet the transcriptional
output remains the same, indicating that different arrangements of transcription
factors can have the same function (65, 66). The constraints on regulatory regions
are considerably more relaxed than those on protein-coding regions, probably ow-
ing in part to the redundant, flexible nature of transcriptional regions. In other
cases, transcriptional regulatory regions themselves appear to be the driving force
behind evolutionary changes, as for instance in the altered expression patterns of
HOX genes correlated with diverse limb development schemes in arthropods (6).
Duplicated genes can diverge in function solely on the basis of transcriptional
regulation, as demonstrated in the case of the homologous transcription factors
Paired, Gooseberry, and Gooseberry neuro. These proteins have essentially iden-
tical activities but differ in developmental roles because of their genes’ distinct
transcriptional control regions (63).

Functional Analysis

Conservation or divergence in transcriptional control regions has been tested both
functionally and by sequence analysis. One of the first demonstrations of conser-
vation of transcriptional regulation between different insect orders was the finding
that a chorion gene cluster fromBombyx moriis correctly regulated inDrosophila
in a sex- and tissue-specific manner, despite the great evolutionary distance be-
tween lepidopterans and dipterans, the lack of homology between the chorion
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genes of the two species, and the distinct gene arrangement (77). Subsequent tests
have shown that the vitellogenin gene from the mosquitoAedes aegytiis regu-
lated in the correct stage and tissue-specific manner inDrosophila(although not
in a female-specific manner), despite the great differences in yolk proteins and
vitellogenesis between these organisms (53). Other heterologous genes correctly
regulated inDrosophila include gut-specific protease genes from the mosquito
Anopheles gambiaeand the black flySimulium vittatum[(98, 118) and references
therein].

Sequence Analysis

Given these often remarkable similarities in the function of regulatory regions
from divergent organisms, is it possible to identify similar sequences by com-
puter alignment? The picture is mixed. A comparison of yolk-protein regulatory
regions amongD. melanogasterand Hawaiian drosophilids demonstrated that
there have been extensive changes in the short region between the divergently
transcribed genes, so much so that there was no clear overall alignment between
previously mapped enhancer elements inD. melanogasterand similar areas in
D. grimshawi (86). Only short, interspersed sequences were found, but trans-
genic analysis confirmed that these sequences were functionally conserved (86).
The extent of divergence between yolk protein genes may be an extreme, how-
ever, because of selective evolutionary pressures on vitellogenesis, which leads
to subtle changes in regulation that are not readily evident in an experimental
setting.

Much closer similarities were noted in an analysis of enhancers of the conserved
pair rule geneftzin D. hydei. In sequence alignments with previously characterized
enhancers fromD. melanogaster, conserved blocks hundreds of basepairs in size
with 50%–65% overall identity were noted. These enhancers gave aftz-type expres-
sion pattern inD. melanogaster(50, 70). A recent comparative analysis of 100 kbp
of known or suspected regulatory DNA from 40 loci betweenD. melanogasterand
D. virilis (∼40 million years of separation, similar toD. hydei) found that overall
about 25% of the sequence was conserved, with most of the conserved sequences
present as small blocks of median length of 19 bp, and a substantial fraction up to
40–60 bp in length (11). Thus, even between divergent drosophilids, there appears
to be sufficient conservation to identify regulatory blocks in many cases and to
identify divergent features of enhancer design. For instance, comparison of the
even-skippedstripe 2 enhancer from an array ofDrosophilaspecies revealed that
overall organization and general size of this enhancer was maintained and many
binding sites were conserved (66). A specific binding site for the Bicoid activator
that played an important role inD. melanogasterwas not conserved, however. A
recent deletion appears to have brought a nearby Giant repressor site closer to this
recently acquired Bicoid activator site, an example of the “tuning” of enhancer
output (43). Thus, whereas both enhancers have the same overall output when
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tested inD. melanogaster, a chimeric enhancer containing halfD. pseudoobscura
and halfD. melanogastersequences gave improper regulatory output, evidence of
changes in enhancer design (65).

The greater degree of divergence between regulatory regions in more distantly
related species complicates efforts to locate enhancers by sequence alignment
alone, even when functional aspects are similar. In some cases, lack of conserva-
tion reflects a fundamental change in regulatory strategy. An 8.7-kbp fragment 5′ of
hairy from the beetleTribolium casteneumdrives a portion of the conserved striped
pattern in central regions ofD. melanogaster, but there are no obvious conserved
regulatory regions. A more detailed functional analysis of individual conserved
sequence clusters might reveal conserved functional elements, but the failure to
recapitulate some portions of the stripe pattern in the fly is probably due to funda-
mental differences in anterior and terminal patterning inTriboliumandDrosophila
(29). Preliminary analysis of putative regulatory elements in theTribolium HOX
complex reveals a similar lack of conservation between these two species, sug-
gesting that with current approaches direct functional testing will remain critical
for identification and analysis of possibly conserved regulatory regions (18).

NEW TECHNOLOGIES

Genomics

Our current understanding of transcriptional switch elements derives from em-
pirical experiments involving the dissection of basal promoters and enhancers
and from in vivo tests. The most powerful studies, such as those conducted on
complex regulatory regions such as thebithorax complex andeven-skipped, are
initiated with genetic characterization oftrans-activating factors, identification of
cis-regulatory elements, mapping of factor binding sites within those regions, mu-
tagenesis of those putative binding sites, and testing of the elements in transgenic
organisms. This approach requires good genetic and transgenic tools; thus, most
studies of this type have been restricted toDrosophila.

Applications of genomics and bioinformatics associated with theDrosophila
genomic project, as well as more extensive phylogenetic comparisons and ad-
vances in transgenesis, will facilitate the analysis ofcis-regulatory elements, en-
abling work to proceed in other, less genetically tractable systems. Comprehensive
analysis of gene expression inDrosophilais being conducted by gene array anal-
ysis and in situ hybridization. Gene arrays have been used to track expression on
an organismal level and more recently in a tissue-specific basis in both wild-type
and mutant backgrounds (48, 61). As examples, recent gene array analysis of the
Drosophilaimmune response, mesoderm-specific genes, and metamorphosis will
provide a baseline set of data for comparison in other species (27, 35, 112). A
systematic analysis of embryonic expression patterns by in situ hybridization now
underway at the Berkeley Drosophila Genome Project will add a spatial component
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to the temporal information gained from gene array studies (108). From these stud-
ies we can expect to develop a comprehensive knowledge of theDrosophilatran-
scriptome, including genetic pathways. This large body of empirical data will give
researchers models for gene regulation by which to measure homologs in other
insect species, possibly revealing conserved or divergent features of regulatory
elements or expression patterns.

Bioinformatics

Bioinformatic analysis can be used to identify binding sites of known or novel
factors. This identification is carried out in two ways. For factors with well-
characterized binding sites, a consensus binding site, or a position weight matrix
representing a population of known binding sites can be used to search genomic
sequences. Relatively simple search paradigms, such as searching for clusters of
a binding motif within 400 bp, have been successful in producing useful infor-
mation. A genomic search for clustered Dorsal protein binding sites identified
15 putative Dorsal-regulated enhancers, some of which were assayed by trans-
genic analysis (71). A search for clusters of activator and repressor binding sites
in the 1-Mbp region surrounding theeven-skippedgene successfully identified
previously functionally mapped transcriptional control elements flankingeveand
identified a novel enhancer that proved to be a control element for thegiant gene
(12).

When thetrans-acting factors for genes are not known, one can search for
overrepresented motifs near genes that show similar expression patterns. Such an
approach was successfully used to identify repeated motifs common to eight odor-
ant receptor proteins expressed primarily in maxilla. Mutagenesis of the regulatory
regions confirmed that the elements are important for the tissue-specific regulation
of these genes (22). Alternatively, one can search a known regulatory region us-
ing statistical methods for motifs that are overrepresented; a recent study showed
that this technique located sites of known regulatory importance inDrosophila
enhancers (85).

Phylogenetic Analysis

Phylogenetic comparisons are powerful tools to identify regions of genomic DNA
that likely contain regulatory information. The imminent or completed sequencing
of additional dipteran genomes, such as that ofD. pseudoobscuraandAn. gambiae
will facilitate analysis ofcis-acting control regions on a global scale, so the putative
regulatory regions of any conserved gene will be available for bioinformatic and
functional analysis. It remains to be seen how close the conservation of regula-
tory regions will be in more evolutionarily distant insects and whether the genetic
control networks are sufficiently similar to allow direct modeling of entire en-
hancers from dipterans. At least at the level of individual factor binding sites, genes
with similar regulatory profiles, such as those encoding rhodopsins, antimicrobial
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peptides, and cytochrome P450s, appear to use the same transcription factors; thus,
at least short motifs should be conserved (10, 27, 30).

Transgenesis in Other Systems

Genomic and bioinformatic tools can accelerate identification and characteriza-
tion of cis elements, but models of transcriptional regulatory regions still require
validation with functional tests. Recent advances in insect transgenesis (5) of-
fer the possibility of testing the function of putative regulatory regions in most
species. The lepidopteran PiggyBac vector has been reported to successfully trans-
form many different insect orders, including Coleoptera, Lepidoptera, and Diptera
(10, 29). The use of eye-specific green fluorescent protein marker genes to iden-
tify transgenic progeny allows transformation of wild-type animals, obviating the
need to identify mutant strains with phenotypes that can be rescued. In addition
to studying regulatory elements, transgenesis has the potential to generate mutant
phenotypes using RNA interference (28), allowing genetic analysis in nonmodel
system insects. A future paradigm for characterizing the regulation of a novel
gene in a nonmodel insect system would be identification of possible homologs
in a completed genome, examination of possible evolutionarily conserved regula-
tory regions and binding sites fortrans-acting factors, experimental testing ofcis
elements on transformation vectors, and disruption of putative regulatory factors
through RNA interference.

CONCLUDING REMARKS

Genome-wide analysis of transcriptional programs inDrosophilawill contribute
greatly to our understanding of basic transcriptional mechanisms used in all meta-
zoans by providing for the first time a comprehensive overview of all transcription
factors, a genome-wide comparison of transcriptional elements, and their conser-
vation in disparate species. Comparisons withDrosophilado not eliminate the
requirement for direct functional analysis of transcriptional elements in species of
interest, but new advances will facilitate the design of these experiments, and work
in previously nonmodel organisms will undoubtedly make important contributions
to basic science. A better understanding of insectcis-acting regulatory regions will
also contribute to many areas relevant to entomology, including identification of
useful promoters for engineering resistance in disease vectors, identifying the
molecular basis of pesticide resistance, and understanding evolution mediated by
changes in transcriptional control elements.
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