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51 Abstract

52 Extensive genetic and biochemical analysis ofDrosophila melanogaster has made this system an important model for characteriz-
53 ation of transcriptional regulatory elements and factors. Given the striking conservation of transcriptional controls in metazoans,
54 general principles derived from studies ofDrosophila are expected to continue to illuminate transcriptional regulation in other
55 systems, including vertebrates. With improvement in technologies for genetic manipulation of insects, research inDrosophila will
56 also aid the design of systems for controlled expression of genes in other hosts. This review focuses on recent advances from
57 Drosophila in analysis of the functional components of transcriptional switches, including basal promoters, enhancers, boundary
58 elements, and maintenance elements. 2002 Published by Elsevier Science Ltd.
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120 1. Introduction

121 1.1. Elements of transcriptional switches

122 RNA polymerases require specific signals from tran-
123 scriptional switches to initiate transcription. This review
124 discusses the components and function of transcriptional
125 switches required by RNA polymerase II, the enzyme
126 responsible for transcription of protein-coding genes in
127 eukaryotes. While many cellular processes affect tran-
128 scription of genes, including signaling cascades, protein
129 trafficking, and chromosome dynamics, I will focus on
130 the discrete DNA elements that are directly involved in
131 regulating the transcription of genes, and the proteins
132 that interact specifically with these elements. The
133 emphasis will be on research from Drosophila, with
134 mention of important results from other systems as
135 required. For information on the general transcriptional
136 machinery, specific biochemical activities associated
137 with transcriptional activators and repressors, chromatin
138 structure, and chromatin modifying factors, the reader is
139 referred to recent reviews (Berk et al., 1998; Davie and
140 Moniwa, 2000; Henikoff, 2000; Jenuwein and Allis.,
141 2001; Reinberg et al., 1998; Roth et al., 2001).
142 Transcription initiates at basal promoter regions that
143 contain conserved sequences immediately surrounding
144 the start site. At the promoter, the enzyme interacts with
145 a complex of over two dozen polypeptides comprising
146 the basal transcription machinery. In vitro, the basal
147 machinery, including the TATA-box binding factor
148 TFIID1, is sufficient to allow RNA polymerase II to
149 initiate on non-chromatinized templates, but in vivo,
150 where the template is chromatinized and presumably less
151 accessible to DNA binding factors, additional signals are
152 required. These signals come from DNA-binding tran-
153 scriptional activators bound to cis elements located 5’ or
154 3’ of the initiation site. The location of these cis elements
155 can be up to 100 kbp from their site of action, suggesting
156 that loops in the DNA allow these activators to make
157 close contact with the basal machinery, although alterna-
158 tive modes of action have also been suggested (Bulger
159 and Groudine, 1999).
160 The term “promoter” is used in various circumstances
161 to describe the entire regulatory region of a gene or a
162 small area around the initiation site. In this review, I
163 differentiate basal promoter elements from enhancers.
164 Basal promoters are DNA elements that interact with the
165 basal transcriptional machinery at the site of transcrip-
166 tional initiation but are not active in vivo unless linked

1

28
∗

29 Tel.: +1-517-432-5504; fax: +1-517-353-9334.
3031 E-mail address: arnosti@msu.edu (D.N. Arnosti).
1305

1
1306 In this review, protein factors are indicated by non-italicized
1307 names, genes by italics. Lower case (hairy) indicates a recessive gene.
1308 The protein is accordingly written hairy. Definitions to terms used in
1309 this review are in Table 1.
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167to an enhancer. Enhancers, originally defined as
168sequences of DNA that stimulate transcription of genes
169in a distance- and orientation-independent manner, can
170be regarded as platforms for the assembly of sequence-
171specific DNA-binding transcription factors. These clus-
172ters of transcription factor binding sites can be located
173in both distal and promoter-proximal locations. Both
174activators and repressors bind to enhancers, making
175these elements integrators of both positive and negative
176transcriptional information.
177The signaling between enhancers and promoters can
178be highly regulated to provide specificity in the com-
179munication between a gene and its control elements. This
180communication can be regulated by boundary elements
181that block enhancer–promoter interactions in a direc-
182tional manner, or it can be regulated by functional
183properties of the basal promoter or enhancer that make
184certain enhancer–promoter combinations incompatible.
185An additional level of transcriptional control is
186afforded by placement of a gene relative to heterochro-
187matic regions; most genes are located in euchromatic
188domains and are inhibited by close proximity to heter-
189ochromatin. Constitutive heterochromatin, characterized
190by an abundance of repeat elements and a paucity of
191genes, possesses a distinct chromatin structure and is
192bound by specific types of heterochromatin-associated
193proteins such as HP-1. The Polycomb group proteins are
194suggested to control the transcription of a number of
195developmentally regulated genes through facultative for-
196mation of heterochromatin-like structures (Pirrotta,
1971998).

1981.2. Analysis of transcriptional control elements

199Eukaryotic transcriptional elements and proteins have
200been studied extensively in yeast, Drosophila, and ver-
201tebrates, and it is clear that many aspects of the transcrip-
202tion machinery are highly conserved, facilitating com-
203parisons among systems. Certain features of higher
204eukaryotic transcriptional switches are lacking in yeast,
205however, such as complex regulatory regions involving
206multiple enhancers and long-distance activation. The
207similarity of complex elements in higher metazoans and
208the availability of advanced genetic techniques make
209Drosophila particularly well suited to studies of tran-
210scriptional regulatory systems. Three complementary
211approaches have been utilized to characterize transcrip-
212tional elements in Drosophila: biochemical characteriz-
213ation of the transcriptional machinery, classical genetic
214analyses, such as those carried out by Lewis and col-
215leagues on the Bithorax Complex (Lewis, 1978), and
216molecular genetic studies. This last approach involves in
217vivo analysis of individual cis elements coupled to
218reporter genes, permitting the analysis of native enhancer
219and promoter combinations in a physiologically relevant
220setting. Analysis of trans acting factors has also been
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221 possible using tissue- and stage-specific misexpression
222 systems.
223 Large-scale sequencing projects have yielded compre-
224 hensive information about the protein coding capacity
225 of entire genomes, however, transcriptional regulatory
226 elements are considerably more difficult to identify from
227 primary sequence alone. Two current approaches to
228 identify regulatory regions from genomic data involve
229 bioinformatic methods to find clusters of putative bind-
230 ing sites of transcription factors and phylogenetic com-
231 parisons to identify evolutionarily conserved sequences.
232 Identifying the function of such putative regulatory
233 regions requires direct experimental testing, however.

234 2. Basal promoter elements

235 The basal transcriptional machinery interacts with at
236 least three regions near the transcriptional initiation site
237 (Fig. 1). A TATA element located at –30 bp is recog-
238 nized by the TATA-binding protein (TBP)-containing
239 complex, TFIID. The Initiator is a pentameric sequence
240 (consensus TCAGT) surrounding the transcriptional
241 initiation site (usually “A”) that makes close contact with
242 the TBP-associated factor TAFII230 and the catalytic site
243 of RNA polymerase II (Cherbas and Cherbas, 1993; Wu
244 et al., 2001). A more recently identified tetrameric
245 sequence G(A/T)CG located at +30, the Downstream
246 Promoter Element (DPE), is recognized by TAFII40 and
247 TAFII60, and may function as an alternative to a TATA
248 box to anchor TFIID (Burke and Kadonaga, 1997; Kut-
249 ach and Kadonaga, 2000). Work from mammalian sys-
250 tems indicates that other basal transcription factors make
251 additional nonspecific DNA contacts throughout the pro-
252 moter region (Douziech et al., 2000; Forget et al., 1997).
253 In addition, sequences flanking the TATA box can affect
254 TBP and TFIIB interactions (Wolner and Gralla, 2000).
255 Not all promoters contain TATA boxes and DPEs; a
256 recent survey indicated that approximately 14% of 205
257 well-characterized promoters from Drosophila contain
258 both TATA and DPE elements, 55% contained only a
259 TATA box or a DPE element, and 31% contained neither
260 (Kutach and Kadonaga, 2000). In vertebrate cells, house-
261 keeping genes are often associated with basal promoter

1310
1311

1312
13131314

1315 Fig. 1. Elements of basal promoters for RNA polymerase II. Shown
1316 are TATA box at –30 bp, the site of TATA binding protein (TBP)
1317 interaction, Initiator (Inr) surrounding the transcriptional initiation site
1318 (most commonly ‘A’ – in boldface), and Downstream Promoter
1319 Element (DPE) at +30. Most promoters contain only a subset of
1320 these elements.1321
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262elements that are rich in CpG sequences and lack canoni-
263cal TATA boxes and DPE elements. It is not known
264whether Drosophila contains similar basal promoters,
265however.
266A similar or identical complement of basal transcrip-
267tion factors is involved in initiation at most promoters,
268and in transfection assays, many basal promoter
269elements are functionally interchangeable (Kermekchiev
270et al., 1991). Not all basal promoters have identical
271properties, however. Some germline-specific gene
272expression may involve distinct basal promoter elements
273and tissue-specific components of the basal transcrip-
274tional machinery (Rorth, 1998; Hiller et al., 2001). In
275addition, there are clear differences in activities of basal
276promoter elements. Transcriptional initiation is the rate-
277limiting step for utilization of most promoters, but heat-
278shock promoters are also limited at a later step, promoter
279escape. Sequences responsible for this post-initiation
280effect have been mapped to regions around +30 and 5’
281of the TATA box for the hsp70 promoter (Lee et al.,
2821992; Tang et al., 2000). In transfection studies, certain
283mammalian promoters respond selectively to distinct
284classes of transcriptional activators, suggesting that dis-
285tinct promoter architecture may dictate different require-
286ments for activation (Das et al., 1995). Recent studies
287demonstrate that the presence or absence of a DPE
288element dictates whether the DRAP1 repressor protein
289activates or represses transcription in in vitro transcrip-
290tion assays (Willy et al., 2000). These functional differ-
291ences in basal promoter elements are sufficient in some
292cases to create enhancer–promoter specificity, as
293described below.
294Binding sites for sequence-specific transcription fac-
295tors are sometimes found within the basal promoter
296element, leading to greater functional complexity of
297these elements. The even-skipped (eve) basal promoter
298contains a GAGA factor site, which confers boundary
299element function on this promoter (Ohtsuki and Levine,
3001998). The ovarian tumor basal promoter is bound by
301the ovo zinc-finger protein, which is required for pro-
302moter function in vivo (Lu and Oliver, 2001). As
303described below, one of the tandem promoters for Adh
304is bound by a sequence-specific transcriptional repressor,
305providing developmental timing control (Ren and Mani-
306atis, 1998).

3073. Enhancers

3083.1. Nature of transcriptional switch action

309Two general pathways by which enhancers are
310thought to drive transcription are by direct engagement
311of the basal machinery or by modification of the local
312chromatin environment. These activities are mediated by
313enhancer-binding transcription factors that contact the
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314 basal machinery or that recruit chromatin-modifying
315 activities. In some cases, the functional result of
316 enhancer action is an increase in the likelihood that a
317 gene will be activated, without influencing the rate of
318 initiation transcriptional (on/off model), while in other
319 cases enhancers increase the rate of transcriptional
320 initiation (rheostat model) (Blackwood and Kadonaga,
321 1998). Both of these effects are observed with reporter
322 genes in the Drosophila embryo (Fig. 2). A weak acti-
323 vator drives lacZ reporter gene expression in a punctate
324 pattern in which some nuclei fail to show any expression
325 at all. In contrast, a strong activator drives expression
326 in a more uniform pattern, with overall higher levels of
327 expression. This result suggests that a minimal threshold
328 for activation must be crossed to ensure consistent tran-
329 scriptional activity, and that the on/off and rheostat
330 effects can be manifestations of the same phenomenon.

331 3.2. Modularity

332 The complex temporal and spatial expression patterns
333 of developmentally regulated genes often reflect the
334 action of modular regulatory elements, generally 300–
335 700 bp in size, that can be located up to 100 kbp from
336 the promoter. Some of the best-studied complex loci in
337 Drosophila are the pair-rule genes hairy and eve that
338 are expressed in a seven-stripe pattern in the blastoderm
339 embryo. The first indication that this complex pattern
340 represented inputs from separable elements came from
341 studies of hairy mutants with chromosomal rearrange-
342 ments 5’ of the transcription unit. These mutants showed
343 loss of individual stripes, not uniform attenuation of all
344 stripes, indicating that autonomously acting elements
345 direct individual stripe formation (Hooper et al., 1989).
346 Subsequent comprehensive analysis of the eve locus

1324
1325

1326
13271328

1329 Fig. 2. Comparison of on/off vs. rheostat function of enhancer elements. A transgene containing a cluster of GAL4 binding sites (bottom) is
1330 activated by a Gal4-Sp1 (left) or a minimal activation domain from the Gal4 activator (AD, right). A punctate pattern of expression is observed
1331 with the Gal4-Sp1 activator, indicating an on/off effect (arrows show adjacent nuclei, one in which the reporter gene is expressed). A much more
1332 intense expression is obtained with the Gal4-AD activator, indicating that the promoter can be driven at higher levels than with the with the weaker
1333 Sp1 activator, thus, a rheostat effect is seen. However, a punctate pattern is also observed in lateral regions where limiting amounts of Gal4-AD
1334 are present, suggesting that at low concentrations, a stochastic on/off effect is observed. lacZ expression was analyzed by in situ hybridization as
1335 described in Small et al., 1992. Expression is restricted to ventral regions of the embryo where the Gal4-chimeric proteins are expressed. Embryos
1336 are oriented anterior to the left, dorsal surface up.1337
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347identified within a 16 kbp locus five separable elements
3485’ and 3’ of the transcription unit, that together create
349the seven-stripe eve pattern (Fujioka et al., 1999). The
350general strategy for pair-rule stripe gene expression is
351an initial widespread activation under the influence of
352generally distributed activators, followed shortly after-
353wards by repression in the interstripe regions (Frasch et
354al., 1987). The initial repression patterns are established
355by gap gene products, including Krüppel, giant, hunch-
356back and knirps, which are regionally distributed tran-
357scriptional repressors (Small et al., 1992). A key feature
358of the stripe enhancers’ activities is that their action is
359autonomous, so that repression of one element does not
360lead to general repression of the entire locus. This auto-
361nomy depends on spaces between elements (Fig. 3A).
362Repression of the eve stripe 2 enhancer in central regions
363of the embryo by Krüppel does not prevent the more
364distal eve stripe 3 enhancer from activating the promoter,
365but when the spacing between the enhancers was arti-
366ficially reduced, repression signals from one enhancer
367interfered with the activity of the adjacent enhancer
368(Small et al., 1993).
369These initial findings indicated that short-range
370repression plays an important role in enhancer auto-
371nomy. In direct tests, the exact ranges of repressor
372activity were measured in transgenic embryos.
373Zygotically active repressors such as Krüppel, knirps,
374giant, and snail were shown to repress either activators
375within enhancers or basal promoter elements when
376bound within ~100 bp of their apparent targets (Gray et
377al., 1994; Arnosti et al., 1996a). In contrast, long-range
378repressors such as hairy can repress enhancer elements
379over distances of �500 bp, leading to dominant
380repression of multiple enhancer complexes (Barolo and
381Levine, 1997).
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1340

1341
13421343

1344 Fig. 3. Activities of enhancers. A. Autonomous functioning of modu-
1345 lar enhancers; a distal enhancer is free to interact with a promoter
1346 while a proximal enhancer is locally inhibited by short-range
1347 repressors acting within the element, as is seen with modular enhancers
1348 within the eve gene. When the distance between the eve stripe 2 and
1349 3 enhancers was reduced, improper cross-regulation resulted (Small et
1350 al., 1993). B. Concentration of transcription factors by an enhancer
1351 containing several high-affinity binding sites, leading to a functional
1352 output. A non-specifically bound factor, incapable of activation by
1353 itself, is shown at a distal position. C. Programming of transcription
1354 factor activity by enhancer; left, a simple element binds a transcrip-
1355 tional activator, such as the dorsal protein, and transmits an activating
1356 signal, as on the twist promoter (Jiang and Levine, 1993); right, a
1357 complex element brings together multiple proteins, assembling a com-
1358 plex in which the erstwhile activator functions as a repressor, as on
1359 the zen gene, where the dorsal protein functions as part of a repression
1360 complex (Valentine et al., 1998). D. Conversion of positional infor-
1361 mation into gene activity by enhancers. Left, a gradient of a transcrip-
1362 tional activator, such as dorsal, is differentially interpreted by genes
1363 X and Y, causing them to be activated at different levels of the gradi-
1364 ent, as is seen with dorsal target genes twist and rhomboid (Jiang and
1365 Levine, 1993). Right, transcription switch design mechanisms that
1366 allow enhancers to convert the gradient information into differential
1367 gene activity: 1. Differences in binding site affinity, symbolized by
1368 shading, allows a gene to become active at higher or lower levels of
1369 transcription factor concentration, as has been demonstrated for the
1370 bicoid activator acting on the hunchback promoter (Driever et al.,
1371 1989). 2. The number of binding sites plays a similar role, with a
1372 higher number of binding sites making the gene more sensitive. 3.
1373 Spacing between short-range repressors and targets sensitizes a tran-
1374 scriptional switch to respond to lower or higher levels of the repressor,
1375 as has been demonstrated for the giant repressor (Hewitt et al., 1999).1376
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382The use of different modes of repression may serve
383specific gene regulatory needs. Clearly, short-range
384repressors can be useful for creating precise, tunable
385repression, while long-range repressors impose a domi-
386nant regulatory scheme on a locus. The autonomy of
387many enhancer elements, such as those operating on the
388eve gene, would be compromised if long-range
389repressors interacting with one enhancer cross-regulated
390other enhancers. It is not clear whether these functional
391differences between short-range and long-range
392repressors are fully exploited in the design of most tran-
393scriptional switches, or whether on most genes, either
394type of repression would be sufficient.

3953.3. Integrative capabilities

396Enhancer sequences serve as binding platforms for
397regulatory proteins, concentrating and localizing factors
398that affect expression of linked genes. In addition to this
399passive role as a transcription factor collection point,
400enhancers can in effect perform computational functions,
401dictating that nature of the signal sent by the arrange-
402ment of cis elements. These functions include signal
403amplification, conversion of potential activation signals
404to repression signals, and tuning to affect a gene’ s sensi-
405tivity to gradients of regulators (Fig. 3B–D).
406Signal amplification is an inherent property of
407enhancer sequences through the clustering of transcrip-
408tion factors on a specific genomic sequence. This group-
409ing provides a strong signal above the noise of non-
410specifically bound factors that may be of no functional
411consequence (Biggin and McGinnis, 1997). The specific
412placement of adjacent binding sites can also foster coop-
413erative binding between factors, providing more effec-
414tive occupancy and a greater signal, as has been
415observed for the bicoid activator (Hanes et al., 1994).
416Conversion of intrinsic activators to repressors by spe-
417cific regulatory elements is seen in the case of the dorsal
418protein, a rel homology domain factor that functions as
419a transcriptional activator in numerous contexts but is a
420necessary part of a repression complex within the silenc-
421ing elements of the decapentaplegic (dpp), zen and tld
422regulatory regions. On these specific promoter elements,
423neighboring sites for other DNA binding factors permit
424the assembly of a complex that interacts with the grou-
425cho co-repressor, effectively overriding the endogenous
426activation domain of dorsal (Valentine et al., 1998). In
427the absence of these additional binding sites, dorsal
428reverts to an activator (Jiang et al., 1992). Similar con-
429text-dependent repression by a number of transcription
430factors has been observed in mammalian systems as well
431(Fry and Farnham, 1999).
432Transcription factors can establish “morphogen”
433(developmental field-determining) gradients that dictate
434differential transcriptional responses at different levels
435of the factor (Jiang and Levine, 1993). Three features of
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436 enhancers have been identified that allow genes to
437 respond to different levels of a given transcription factor
438 (Fig. 3D). A gene can respond to the lowest levels of
439 an activator if the enhancer contains either high-affinity
440 binding sites or numerous lower-affinity sites (Struhl et
441 al., 1989; Driever et al., 1989). For the giant short-range
442 repressor, it was found that a third, novel feature applied;
443 because of the extreme distance-dependence of this pro-
444 tein, subtle changes in the spacing of giant binding sites
445 endowed a promoter with the ability to discriminate
446 between less than twofold differences in the level of this
447 factor in the embryo (Hewitt et al., 1999).
448 Many genes are regulated by small modular elements,
449 but the generality of this conclusion must be tempered
450 by the realization that large and distributed regulatory
451 elements are much harder to characterize and will tend
452 to be underreported (Klingler et al., 1996). Davidson and
453 colleagues have documented one example of a gene con-
454 taining multiple, interacting signaling modules: the
455 endo16 gene of the sea urchin Strongylocentrotus pupur-
456 atus is regulated by a 2.3 kbp segment that can be exper-
457 imentally subdivided into at least 6 regions binding 13
458 different factors. These separable regions are intercon-
459 nected into what has been termed a cis regulatory logic
460 device, where positive and negative signals from
461 upstream regions are interpreted by an integrative unit,
462 until a final output reaches the basal promoter (Yuh et
463 al., 1998).

464 3.4. Patterning

465 Two extremes describe the computational function of
466 regulatory regions or enhancers: at one end of the spec-
467 trum, an enhancer can simply bind a tissue-specific tran-
468 scription factor and provide the output in the same
469 tissue-specific fashion (Fig. 4A), and at the other, the
470 enhancer can integrate multiple positive and negative
471 signals to generate a pattern different from each of the
472 individual inputs (Fig. 4B, C). Three examples show the
473 range of activities lying within this spectrum. At the sim-
474 plest level, a transgene with multimerized sites for the
475 homeodomain Pax-6/eyeless factor is expressed in a pat-
476 tern directly recapitulating the expression of Pax-
477 6/eyeless protein. In this case, tissue-specificity lies
478 upstream in the regulatory network, with the control of
479 Pax-6/ey expression (Sheng et al., 1997).
480 A more complex situation is seen with wing imaginal
481 disk expression of cut, where the scalloped (sd) tran-
482 scription factor potentiates transcriptional activation of
483 this gene throughout the disk. Specific Notch signaling
484 along the dorsal/ventral boundary of the disk activates
485 the Su(H) transcription factor, and Su(H) together with
486 sd binds to the cut gene and activates transcription. A
487 simple cluster of sd and Su(H) sites is sufficient to recap-
488 itulate this pattern of expression (Guss et al., 2001). The
489 pattern of cut activation reproduces the dorsal/ventral
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1378
1379

1380
13811382

1383Fig. 4. Three modes of pattern processing by enhancers. Enhancer
1384function is represented by the horizontal arrows at left, examples of
1385transcriptional switch structure represented at right. A. In the simplest
1386case, an enhancer faithfully recapitulates another pattern of gene
1387expression (symbolized by the letter ‘A’ ). The binding of a single
1388tissue-specific transcription factor to a gene is in some cases sufficient
1389to create this effect, as seen with the eye-specific Pax-6/eyeless protein
1390binding to cognate sites (Sheng et al., 1997) . B. An enhancer can
1391integrate two types of patterning information to reproduce a subset of
1392one of the patterns; such switches can involve the binding of factors
1393responding to multiple signaling pathways, as has been noted with the
1394cooperative action of the scalloped and Su(H) proteins on the cut pro-
1395moter (Guss et al., 2001). C. An enhancer can create novel gene
1396expression patterns that resemble none of the original inputs, integrat-
1397ing information from multiple sources. At left, gray ‘A’ represents
1398boundary areas between domains of expression of regulatory factors
1399(rounded rectangles), which is transformed into the signal (black ‘A’ ).
1400In the case of the pair-rule genes such as even-skipped, such integration
1401is accomplished by multiple factors interacting with separate modular
1402enhancers (Small et al., 1992). 1403

490boundary pattern of Notch signaling specified by prior
491regulatory events, but the additional requirement for sd
492specifies the developmental field in which activation can
493take place. A similar situation applies to the action of
494regulatory proteins encoded by HOX genes that bind to
495DNA via the low-specificity homeodomain. These pro-
496teins may bind to numerous sites on the genome that
497may be of no regulatory consequence, as has been
498observed for another homeodomain protein, even-
499skipped. A higher level of regulatory specificity is
500derived from additional proteins, such as extradenticle,
501that interact with the homeodomain partners in permiss-
502ive or non-permissive fashions, either enhancing binding
503affinity, or synergistically activating transcription
504(Biggin and McGinnis, 1997). In both of these circum-
505stances, the action of one factor is to potentiate gene
506transcription in a wide field that is narrowed by combi-
507natorial interaction of other factors expressed in a more
508limited pattern (Fig. 4B).
509The segmentally repeating stripe expression of pair-
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510 rule genes in the blastoderm embryo represents a more
511 involved process, in which an elaborate iterated pattern
512 is generated that does not closely resemble any of the
513 underlying positive and negative inputs but rather rep-
514 resents a synthesis of this information. In this case,
515 enhancers integrate both positive and negative inputs
516 from regionally expressed gap genes, producing the
517 seven stripes of primary pair rule genes such as hairy
518 and eve. In contrast to earlier suggestions that such a
519 pattern might be generated by a global morphogenic field
520 with differentially diffusing activators and repressors,
521 the solution for each stripe of expression appears to con-
522 sist of a customized combination of activators and
523 repressors (Turing, 1952; Small et al., 1992; Hartmann
524 et al., 1994; Small et al., 1996). Stripes form at edges
525 where expression of one gap gene tails off and another
526 begins (Fig. 4C). The highly heterogeneous design of the
527 individual eve stripe enhancers indicates the opportun-
528 istic nature of transcriptional switch design.

529 3.5. Enhancer–promoter specificity

530 As described in the previous section, basal promoter
531 elements are heterogeneous in structure, leading to dis-
532 tinct functional properties that permit enhancer–pro-
533 moter specificity. This specificity allows enhancers to
534 target a particular gene in a complex locus, even if its
535 initiation site is not the closest one (Fig. 5). The dpp
536 locus provides an example of this enhancer–promoter
537 specificity (Schwyter et al., 1995; Merli et al., 1996).
538 Enhancer elements that drive expression of dpp in the
539 imaginal discs are located 20–35 kbp 3’ of the dpp tran-
540 scriptional initiation site. Two genes located only 5–10
541 kbp 3’ of the disk enhancers, SLY1 homologous (Slh)
542 and out at first (oaf), are not normally activated by the
543 dpp disk enhancers, but these enhancers can activate oaf
544 when this gene’ s basal promoter was substituted with
545 –50 to + 65 bp fragment containing the hsp70 promoter

1406
1407

1408
14091410

1411 Fig. 5. Mechanisms for enhancer–promoter specificity. A. Enhancer interaction with specific basal promoter element reflects functional compati-
1412 bility of enhancer with only one type of basal promoter, as has been demonstrated for the dpp gene (Merli et al., 1996). B. Enhancer specificity
1413 for a basal promoter directed by a boundary element (vertical rectangle) that prevents interactions with distal basal promoters, as has been demon-
1414 strated with su(Hw) boundary elements (Cai and Levine, 1995).1415
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546(Merli et al., 1996). Similar basal-promoter-driven
547enhancer specificity has been observed with the tissue-
548specific expression of the divergently transcribed goose-
549berry (gsb) and gooseberry neuro genes (Li and Noll,
5501994).
551Studies of gsb and dpp did not identify particular fea-
552tures of the basal promoter that are correlated with
553enhancer discrimination. However, subsequent work
554indicates that the TATA box can play an important role.
555In a study of the promoter-specific enhancers from the
556fushi-tarazu and Abd-B genes, respectively, basal pro-
557moters containing a TATA box were strongly preferred
558over similar promoters that lack this motif, suggesting
559that different interactions with TATA binding protein
560complexes might influence enhancer specificity (Ohtsuki
561et al., 1998). A contribution to enhancer specificity by
562specific TATA sequences was also reported in vertebrate
563cells (Wefald et al., 1990). The TATA box effect sug-
564gests that differences in promoter interactions by compo-
565nents of the basal machinery may influence enhancer sig-
566naling. Along these lines, a role for the basal machinery
567in developmentally controlled promoter utilization was
568suggested by biochemical reconstitution of transcription
569of the Adh gene. Here, TFIIA and TAFII150 were found
570to be important for the differential activation of the Adh
571tandem promoters (Hansen and Tjian, 1995). Subsequent
572studies found that a transcriptional repressor, AEF-1,
573binds directly to the initiator element of one of the pro-
574moters. Therefore, this developmental switch may actu-
575ally be controlled by a sequence-specific regulatory fac-
576tor (Ren and Maniatis, 1998). Despite the well-
577established role of enhancer–promoter specificity in a
578number of systems, some enhancers do not exhibit pro-
579moter preference, suggesting that the nature of the tran-
580scription factors bound to the enhancers also contributes
581to enhancer–promoter specificity (Ohtsuki et al., 1998;
582Das et al., 1995).
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583 3.6. Evolution

584 Enhancer sequences are assemblages of binding sites
585 subject to evolutionary forces, and molecular dissection
586 of the eve stripe 2 enhancer suggests that there seem to
587 be numerous routes to achieve proper regulatory results.
588 Phylogenetic comparisons among eve stripe 2 enhancer
589 elements in disparate Drosophilids indicate that this
590 enhancer element has undergone some genetic drift or
591 redesign, resulting in enhancers with similar outputs, but
592 internally flexible architecture. Thus, the exact place-
593 ment of individual factors within the element appears to
594 be only loosely constrained (Kreitman and Ludwig,
595 1996; Ludwig et al., 2000). Although the eve stripe 2
596 element from D. pseudoobscura has functionally the
597 same properties as the enhancer from D. melanogaster,
598 a chimeric enhancer containing the 5’ half of the D. mel-
599 anogaster fused to the 3’ half of the D. pseudoobscura
600 sequence caused misexpression of the gene. This result
601 indicates that the net output of this element has been
602 conserved, but individual binding site contributions have
603 undergone some change (Ludwig et al., 2000). One of
604 the alterations appears to be appearance of a new, func-
605 tional binding site for the bicoid activator (Ludwig and
606 Kreitman, 1998). This increase in activator function
607 appears to have been internally compensated for by a
608 small deletion that moves the neighboring giant
609 repressor site about 30 bp closer to the bicoid site
610 (Hewitt et al., 1999).
611 Functional studies have also contributed to our under-
612 standing of the flexibility in enhancer design. The eve
613 stripe 2 enhancer binds two types of activator proteins,
614 bicoid and hunchback, that contribute to transcriptional
615 activation. Are both activators utilized because of the
616 unique properties that each contribute to activation of
617 this element? In vitro transcriptional reactions suggested
618 that these proteins synergize strongly to activate tran-
619 scription by binding distinct TAFIIs in the basal tran-
620 scription machinery (Sauer et al., 1995). These activators
621 show strong synergistic activity in vivo, suggesting that
622 the enhancer was designed to exploit unique functional
623 properties of both factors (Simpson-Brose et al., 1994).
624 However, the unique hunchback site within eve stripe 2
625 could be replaced with additional bicoid binding sites or
626 any of a variety of activation domains, suggesting that
627 such synergy is not a requisite part of this enhancer’ s
628 activity (Arnosti et al., 1996b). These results, in combi-
629 nation with phylogenetic studies, suggest that existing
630 enhancers represent one of many possible solutions for
631 achieving particular patterns of transcriptional acti-
632 vation.

633 4. Boundary Elements

634 The interaction of enhancers and promoters is regu-
635 lated at an additional level, beyond that of compatibility

1

1 IB: Insect Biochemistry & Molecular Biology - ELSEVIER2 20-06-02 12:15:34 Rev 16.03x IB$$$$214P

636or specificity. Boundary elements or insulators are
637defined as elements that block interactions when inserted
638between promoters and enhancers; when placed within
639a gene complex, boundary elements can limit enhancer
640activity to a subset of promoter elements (Cai and Lev-
641ine, 1995; Bell et al., 2001). A transgene that is flanked
642by these elements is also insulated against the repressive
643effect of heterochromatic sequences, conferring position-
644independent expression (Roseman et al., 1993).
645Boundary elements that have been well studied in
646Drosophila include the specialized chromatin sequences
647(scs and scs’ ) flanking the hsp70 genes, Fab-7, Fab-8
648and Mcp elements from the Bithorax Complex, and the
649suppressor of hairy-wing (su(Hw)) binding sites located
650within the gypsy transposon (reviewed in Bell et al.
651(2001). The su(Hw) zinc-finger protein binds directly to
65212 sites within a 340 bp region of gypsy, establishing a
653functional boundary. su(Hw) also associates with hun-
654dreds of other chromosomal locations that may represent
655endogenous boundary elements (Gerasimova and
656Corces, 1998). An additional factor, mod(mdg4), associ-
657ates with su(Hw) and modifies its activity. Loss of
658su(Hw) always abolishes boundary element activity, but
659loss of mod(mdg4) has variable effects, inactivating the
660boundary element in some contexts and converting the
661boundary to a silencing element in others (Cai and Shen,
6622001; Gerasimova et al., 1995).
663All boundary elements can block enhancers, but there
664are differences in activities and composition of distinct
665elements (Fig. 6). In a direct comparison of activity, the
666Fab-7 element was found to be less effective at blocking
667ftz enhancers than were su(Hw) sites (Hagstrom et al.,
6681996). scs and su(Hw) elements behave differently on
669episomal elements, where scs can act as a silencer, a
670property that is not been observed with su(Hw) sites
671(Parnell and Geyer, 2000). Unique proteins are found on
672distinct boundary elements; while su(Hw) and
673mod(mdg4) proteins function on gypsy boundary
674elements, different proteins, zeste-white 5 and BEAF,
675bind to the scs and scs’ elements, respectively (Gaszner
676et al., 1999; Zhao et al., 1995). The factors binding to
677Fab-7 are not known, but this element does not require
678su(Hw) or mod(mdg4) for activity (Hagstrom et al.,
6791996; Cuvier et al., 1998; Gaszner et al., 1999).
680Initial suggestions that boundary elements might
681initiate directional inactivation of enhancers was con-
682vincingly disproved when it was shown that enhancers
683blocked by boundary elements were still able to activate
684distal promoters (Cai and Levine, 1995; Scott and Geyer,
6851995). The mode of action of these elements is still not
686well understood, but recent work involving the su(Hw)
687system suggests that these elements can self-associate,
688possibly forming chromatin loops, and target the element
689to the nuclear periphery (Gerasimova et al., 2000; Cai
690and Shen, 2001; Muravyova et al., 2001). Boundary
691elements can interfere with gene activity on small epi-
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31417
1418

1419
14201421

1422 Fig. 6. Functional properties of boundary elements. A. Different
1423 boundary elements (represented by vertical rectangles) have different
1424 intrinsic levels of blocking activity, as is seen with direct comparisons
1425 of the Fab-7 and su(Hw) elements (Hagstrom et al., 1996). B. Bound-
1426 ary elements exhibit specificity for blocking enhancer–promoter inter-
1427 actions, while permitting recombination between sites (FRT) for the
1428 yeast FLP recombinase (Parnell and Geyer, 2000). C. Boundary
1429 elements can exhibit specificity for different transcription factors,
1430 blocking some, while allowing others to interact with a distal promoter,
1431 as is seen where su(Hw) blocks hairy repression, while allowing dorsal
1432 activator action (Barolo and Levine, 1997). D. Enhancer blocking func-
1433 tion can be influenced by enhancer strength; when multimerized, an
1434 enhancer blocked in A. can signal to a distal promoter (Scott et al.,
1435 1999). E. Cellular DNA elements and proteins can stimulate enhancer–
1436 promoter interactions, affecting boundary element effectiveness. A cis-
1437 acting element from the Fab-8 element (promoter targeting sequence,
1438 PTS) facilitates enhancer communication across a boundary element
1439 (Zhou and Levine, 1999). Chip and Nipped-B proteins antagonize
1440 enhancer blocking activity and also play general roles in transcriptional
1441 regulation (Morcillo et al., 1997; Rollins et al., 1999).1442

692 somes created by recombination in vivo and on plasmids
693 in transient assays, suggesting that the location on a
694 chromosome is not critical for functioning of these
695 elements (Parnell and Geyer, 2000; Wei and Brennan,
696 2000). The exact placement of a boundary element can
697 also critically influence its ability to regulate enhancer
698 signaling. When two su(Hw) elements are located close
699 to one another on transgenes, they functionally interact,
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700perhaps by self-association, leading to a surprising loss
701of boundary element activity. In some cases, the pro-
702posed association facilitates, rather than abolishes,
703enhancer/promoter interactions (Cai and Shen, 2001;
704Muravyova et al., 2001). The location and activity of
705other endogenous boundary elements may therefore
706influence the function of a given boundary element.
707Despite their effectiveness at preventing most
708enhancer–promoter communication, boundary elements
709cannot be viewed as monolithic walls that block all com-
710munication between protein complexes on either side
711(Fig. 6B–E). The FLP recombinase protein is capable of
712promoting recombination between FRT sites separated
713by su(Hw) or scs boundary elements, suggesting that it
714is some particular property of transcriptional regulators
715that is sensitive to blocking (Parnell and Geyer, 2000).
716Even among transcription factors, boundary elements
717have also been found to be variable in their blocking
718specificity. The su(Hw) boundary element selectively
719blocks the hairy repressor, while allowing activators
720from the rhomboid enhancer to communicate with a pro-
721moter (Barolo and Levine, 1997). The opposite effect is
722seen with the zen ventral repression element, where a
723su(Hw) element can block activators within this element
724but not repressors (Cai and Levine, 1995). The balance
725of activators and boundary activity also appears to be
726critical in determining the extent of blocking: a stronger,
727multimerized fat body-specific enhancer was less effec-
728tively blocked by su(Hw) elements than was a single
729enhancer element (Scott et al., 1999).
730The view that boundary elements are essentially static
731speedbumps on the road to gene expression has given
732way to an understanding that the activity of these
733elements can be modulated. The most illustrative
734example comes from mammalian imprinted H19/Igf2
735locus, where differential methylation appears to regulate
736binding of the CTCF boundary element factor, permit-
737ting distal enhancers to activate the Igf2 gene on the
738paternal chromosome (Bell et al., 2001). In Drosophila,
739no examples are known of boundary elements that are
740modulated on a temporal or cell-specific level, but stud-
741ies of boundary elements have identified cis acting
742elements and protein factors that appear to facilitate
743enhancer–promoter interactions, affecting the intrinsic
744properties of boundary elements (Fig. 6). A region asso-
745ciated with the Fab-8 boundary element, the Promoter
746Targeting Sequence (PTS), permits enhancers distal to
747the Fab-8 boundary element to communicate effectively
748with the Abd-B promoter, while apparently leaving intact
749the ability of the boundary element to block spreading
750of a heterochromatin-like state from nearby regions. The
751PTS is able to regulate a heterologous boundary element
752as well (Zhou and Levine, 1999). Analysis of the Fab-
7537 and Fab-8 boundary elements has been complicated
754by the presence of closely linked repressive Polycomb
755response elements (PREs, discussed below) (Cavalli and
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756 Paro, 1998, 1999), but fine dissection of these elements
757 has distinguished the boundary element from PRE activi-
758 ties (Hagstrom et al., 1996; Mihaly et al., 1997; Zhou et
759 al., 1999; Barges et al., 2000).
760 Enhancer–promoter interactions can be specifically
761 facilitated by Chip and Nipped-B, two proteins identified
762 in screens for genes that modify the ability of the gypsy
763 insulator to block the cut wing enhancer. Chip, a
764 chromosomally associated protein, is thought to anta-
765 gonize blocking activity of gypsy by preventing the insu-
766 lator from interfering with enhancer–promoter communi-
767 cation in trans. Mutants show pleiotropic defects in gene
768 expression in the embryo, suggesting a general role in
769 gene expression. Chip is homologous to mammalian
770 LIM-domain binding proteins, and has been proposed to
771 crosslink weakly bound transcription activators, facilitat-
772 ing formation of bridges between enhancers and pro-
773 moters (Morcillo et al., 1997). Nipped-B is homologous
774 to fungal adherins, proteins with a variety of roles in
775 chromosome structure and function (Rollins et al., 1999).
776 The molecular activity of both of these proteins
777 remains obscure.

778 5. Long-acting switches

779 5.1. Polycomb/trithorax genes

780 Developmentally programmed or environmentally
781 induced transcriptional switches can be rapidly activated,
782 repressed, and reactivated like toggles, often a conse-
783 quence of the transient appearance or activation of DNA
784 binding regulators. In contrast, some genes such as
785 homeotic selector genes of the HOX clusters are pro-
786 grammed early in development into stable active or inac-
787 tive conformations (Fig. 7). Transcriptional patterns of
788 these genes set early in embryogenesis are then propa-
789 gated through development, long after the disappearance
790 of transcription factors that set the original pattern of
791 expression (Kennison, 1995; Pirrotta, 1998).
792 While a detailed understanding of these stably pro-
793 grammable switches is still lacking, biochemical and
794 genetic advances have begun to provide an outline of
795 the components and activities involved. Initial patterns
796 of gene expression are set by conventional transcrip-
797 tional regulators such as Krüppel and hunchback binding
798 to enhancer elements. Linked maintenance elements
799 (often termed PRE or TRE) are bound by protein com-
800 plexes from the Polycomb group (PcG) or trithorax
801 group (trxG) of proteins (Brock and van Lohuizen,
802 2001). Initially, it was thought that PcG proteins only
803 act to silence associated genes, while trxG proteins are
804 involved in gene activation, but recent work suggests
805 that some PcG and trxG proteins may have dual roles,
806 functioning in both silencing and activation (reviewed in
807 Brock and van Lohuizen (2001). An epigenetic mark,
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808perhaps in the form of chromatin modification such as
809histone acetylation, permits continued association of
810PcG proteins and repression through subsequent rounds
811of DNA replication. Stable activation of a maintenance
812element from the Fab-7 region of Ubx is associated with
813hyperacetylation of histone H4 (Cavalli and Paro, 1999).
814The number of genes regulated by PcG and trxG com-
815plexes is not known, but PcG complexes have been
816mapped to approximately 100 sites on polytene chroma-
817tin (Zink and Paro, 1989). Besides HOX genes in the
818Bithorax and Antennapedia complexes, a cluster of 3
819homeobox genes located within the 140 kbp Iroquois
820complex is regulated by PcG genes, suggesting that
821regulation by maintenance elements may be especially
822well-suited for coordinate regulation of clusters of devel-
823opmental genes (Netter et al., 1998). However, individ-
824ual genes not known to be regulated in clusters such as
825engrailed, hairy, hedgehog, and wingless are also regu-
826lated by PcG and/or trxG proteins (Zuckerkandl, 1999).

8275.2. Enzymatic activities

828Two general types of chromatin remodeling systems
829have been implicated in this long-term regulation by PcG
830and trxG proteins: nucleosome remodeling complexes
831and histone deacetylases (HDAC). SWI/SNF remodeling
832complexes move histones and alter the physical nature
833of nucleosome structure. Three trxG proteins are found
834in one such SWI/SNF complex, namely brahma (a
835homolog of the yeast SWI2/SNF2 ATPase), moira
836(SWI3 homolog) and osa (SWI1 homolog) (Collins et
837al., 1999; Collins and Treisman, 2000). Additional trxG
838proteins are found in at least two other high molecular
839weight complexes whose activities have not been ident-
840ified (Papoulas et al., 1998). brahma and osa are also
841important for reversible silencing of wingless target
842genes, indicating that this SWI/SNF complex can also
843have negative effects on transcription, and that these fac-
844tors are not dedicated solely to long-term functions
845(Collins et al., 1999; Collins and Treisman, 2000).
846The second type of chromatin remodeling activity
847involves histone deacetylation, which can produce a
848more compact chromatin structure and possibly alter the
849affinity of histone tails for specific chromatin-binding
850factors (Strahl and Allis, 2000). The PcG proteins Esc
851and E(z) are found in one such complex associated with
852HDAC activity (Tie et al., 2001). Other PcG proteins are
853found in a complex isolated from mammalian cells
854termed PRC1 that can block SWI2/SNF2 activity (Shao
855et al., 1999). Genetic interactions between PcG, trxG
856genes and regulators of mitotic chromatin structure have
857also been noted, further evidence that transcriptional
858control by PcG and trxG proteins is likely to involve
859local changes in chromatin structure (Brock and van
860Lohuizen, 2001; Lupo et al., 2001; Decoville et al.,
8612001).
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1446

1447
14481449

1450 Fig. 7. Comparison of reversible vs. stable transcriptional switch elements. A. Sequence-specific transcription factors activate as long as they are
1451 associated with a gene. As soon as they are removed, transcription ceases, as is seen with heat shock promoters. B. A stable transcriptional switch
1452 containing a PRE “maintenance element” (black rectangle) is programmed early in development by transiently acting factors, in this case a transcrip-
1453 tional repressor (black square). The gene is repressed and epigenetically marked (ball and stick). Polycomb group (PcG) proteins stably associate
1454 with the gene and continue to silence transcription after the initial transiently acting factors are no longer present. An example of this type of
1455 regulation is seen in the early repression of the Ubx promoter by the hunchback protein, with subsequent repression mediated by PcG proteins
1456 (reviewed in Bienz and Müller (1995). C. trithorax group (trxG) proteins, including SWI/SNF proteins, play a similar role in perpetuating an active
1457 state in response to activation of a gene early in development (Bienz and Müller, 1995).1458

862 5.3. Establishment

863 One surprising aspect of PcG and trxG regulation is
864 that the SWI2/SNF2 and histone deacetylation functions
865 are reversible in many circumstances, yet the signal set
866 on a maintenance element early in embryogenesis per-
867 sists through many mitotic cycles. One explanation is
868 that the molecular mark, an epigenetic modification such
869 as histone acetylation, may be separable from the actual
870 protein complex responsible for repression activity . In
871 this scenario, a PcG complex containing Esc and E(z)
872 acts early to modify the chromatin, causing a PRC1-like
873 complex to stably associate and repress gene activity
874 (Tie et al., 2001; Ng et al., 2000). Consistent with this
875 model, the continued presence of the maintenance
876 element is essential for stable repression (Busturia et al.,
877 1997). Clonal analysis of PcG mutants reveals that the
878 repression activity mediated by PcG complexes appears
879 to be readily reversible, in contrast to the mark, which
880 is longer-lasting. When individual PcG genes were
881 removed from cells using mitotic recombination, gene
882 expression from the repressed locus was rapidly reactiv-
883 ated. If only a relatively short time was allowed to
884 elapse, repression was restored by reintroduction of the
885 protein, but after 72 h., restoration of repression was not
886 possible, possibly due to loss of the epigenetic mark
887 (Beuchle et al., 2001). The mark induced by active tran-
888 scription of a transgene regulated by the Fab-7-associa-
889 ted maintenance element appears to be longer-lived,
890 enduring even through meiosis in some cases (Cavalli
891 and Paro, 1999).
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8925.4. Targeting

893Establishment of a long-lived transcriptional state by
894PcG and trxG proteins is a multi-step process, including
895early transient promoter activation or repression, epigen-
896etic marking, and recruiting of PcG or trxG proteins. The
897actual interaction of PcG proteins with a gene appears to
898be mediated by sequence-specific DNA binding proteins,
899including the YY1 homolog pleiohomeotic, the GAGA
900binding factor (Trithorax-like), and zeste, proteins that
901have been shown to interact with the iab-7 PRE and
902other elements (Brown et al., 1998; Fritsch et al., 1999;
903Mishra et al., 2001). Interaction of the trxG protein-con-
904taining brahma complex with the DNA might involve
905interactions with the SWI1-like component, osa, which
906contains an ARID-type DNA binding domain, but this
907protein is not required for all brahma functions (Collins
908and Treisman, 2000). At least on some promoters,
909brahma may be recruited by zeste (Kal et al., 2000).

9105.5. Future studies of transcriptional switch design

911Transcriptional switch design has been studied for
912over 40 years using genetic and biochemical approaches.
913On a promoter-by-promoter basis, we have been suc-
914cessful in identifying the cis elements and the protein
915factors that interact with promoters. However, we lack
916an understanding of the general principles of enhancer
917architecture and transcription factor function that can
918provide a global understanding of transcriptional switch
919design. Recent genomic sequencing projects have
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920 yielded rich insights into the protein coding capacity of
921 organisms, but the transcriptional regulatory information
922 embedded in higher eukaryotic genomes is still elusive.
923 A major challenge in understanding the transcriptional
924 wiring of a genome is identifying the function of individ-
925 ual switch elements, and predicting which genes are
926 regulated by these elements.
927 New approaches promise to provide significant new
928 insights in this area; first, genome-wide phylogenetic
929 comparisons will highlight evolutionarily conserved
930 intergenic blocks that may represent transcriptional regu-
931 latory information; such comparisons have already been
932 used productively on individual genes (Loots et al.,
933 2000). While protein binding sites are often conserved
934 in regulatory regions, interpretation of results will have
935 to take into account the flexibility of enhancer design,
936 as seen with evolution of the eve stripe 2 enhancer. Sec-
937 ondly, new computational tools are being developed to
938 search for and recognize patterns of binding sites present
939 in putative regulatory regions. These new sources of
940 information will be very powerful when combined with
941 genome-wide expression information and comprehen-
942 sive identification of in vivo transcription factor binding
943 sites, as has been recently described for the yeast Gal4
944 activator (Ren et al., 2000). A fundamental understand-
945 ing of transcriptional switch design will greatly aid in
946 interpreting the regulatory information present in gen-
947 omes and allow a better understanding of the function
948 of biological systems. In addition, with recent progress
949 in genetic manipulation of insects, this information will
950 facilitate the design of transcriptional switches suitable
951 for controlled expression of transgenes in species of
952 economic and medical importance.
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