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PREFACE

In the last five to ten years, the analysis of the genetic regulation of
development has made almost unbelievable progress at the genetic,
molecular, and eellular levels. The initial supposition that genes in
development would be regulated by activator or repressor proteins
binding to specific sequences in cis-acting elements has been exten-
sively substantiated. Garcia-Bellido’s ((1977) Am. Zool. 17, 613-629]
hypothesis that the regulation of gene activity in development would be
hierarchical, with “activator” genes regulating “selector” genes (the
homeotic loci in Drosophila), which in turn would regulate “realisator”
genes, has also been extensively confirmed and extended. So much
information on the combinatorial and hierarchical control of genes in
development has been accumulated recently in numerous diverse or-
ganisms that it would be impossible tu cover it all in any detail in a
volume such as this one. Instead, this volume presents & small, repre-
sentative sample of genetic regulatory systems in sufficient detail to
permit one to appreciate the genetic, cellular, and molecular ap-
proaches that have been used to elucidate gene interactions in develop-
ment and to permit one to comprehend both the complexity and simplic-
ity of these genetic combinatorial and hierarchical networks.

Many of the exciting advances in sur knowledge of the genetic regu-
lation of development have been made in Drosophila, and the bulk of
this volume, six articles, is devoted to this organism. However, since
more than 70 genes are now known to be involved in the establishment
of polarity and segmentation in Drosophila; no pretense is made at
complete coverage of this area of research in this organism.

It is hoped that inclusion of articles on Caulobacter, yeast, and Cae-
norhabditis elegans will emphasize that other genetic developmental
systems have many advantages and much information to contribute to
our ideas on the genetic regulation of development. Since no mamma-
lian systems are included in this volume, the reader is referred to the
minireview by Blau [(1988) Cell 53, 673—674] for an entry into hierar-
chies of regulatory genes in mammalian development.

Finally, one might suggest that the investigation of gene regulation
in development has been the easy part, in comparison to the now more

xi



xij PREFACE

difficult task of determining exactly what the protein products of the
regulated “realisator” genes actually do at the cellular and molecular
level to effect the coherent differentiation and development of different
cell types, tissues, and organs.

THEODORE R. F. WRIGHT



CONTENTS

Contributors to Volume 27 .. ... i ix
BEOFATE . - 5 5 euwiaitnad ' aw € s aiotoio s ocare sonihasalors o € okomiirm o > o) et Elenim ‘s @kt o Ebntil w s & BaiBoruide xi

Genetic Regulatory Hierarchy in Cavlobacter Development

RutH Bryan, Davip GLASER, AND LUCILLE SHABIRO

I Introduehion ;. szuvemeiss srovseias vimunmssis ansines 25 imeids & nadws i 1
I1. Life Cycle of Caulobacter crescentus . ............c.covviiiniiiniiinnnn. 2
III. Structure of the Flagellum ..............ooiiiiiiiii ... 4
1V. Flagellar Genes ..........: SN VB 5E ASAETES A SN e 58 6
V. Timing-of Gene EXpreBeION . i o5 « sesumps ags seaiids o samibes 8§ s s 6
VI. Regulatory Hierarchy Controlling Flagellar Biogenesis................ 7
VII. Physical Structure, Timing of Gene Expression, and the
Regulatory Hierarchy.. . .ivawees Sopomansiosmmsinss < baasas i §aos Bk 17
VIII. Hierarchies in Other Bacterial Developmental Systems................ 18
IX. Components of Regulatory Hierarchies ................. ... ........ 25
ReforeNCeR s 53 copiinnassvssnisiis taanes s SERE S S DA T E BARiNEA 27

Combinatorial Associations of Regulatory Proteins and the
Control of Cell Type in Yeast

GeoRrGE F. SPRAGUE, JR,

I IMBROAUOEION -« o oo veebie e o £obieit g en e e viiadid o g b onmdinne e se bwosioh s oombin © 33
II. Yeast Cell 'I‘ypesandtheMatingProcess.........‘.......'..; ......... 34
HI. Control of Cell TYPe . cuvs o cunme s s onsibis gnfibans oot ssbes ish pa g7
IV. Molecular Basis of Transcriptional Control of Cell- Type Speclﬁc Genes 42
V. Prospectives and Summary........c.ccovvviivioinnciarinin. S3 T U e b4
References.....“....“...........,......................‘...; ..... 56

Genetic Control of Cell Type and Pattern Formation in

Caenorhabditis elegons
PauL W. STERNBERG
L Tribrodefiont .cs s s 5 o ocanies 3 maanedss s i amemias 3 55 ams 30 & 5 a0imald 3 Sovs 63
II. Molecular Genetics of Development ......... R P Ty IR ol 64
HI. Vulval Development . ...........civuiirimiiineeniianinninmnnsineen. 74



vi CONTENTS

IV. Other Pathways of Cell-Type Specification. ... ....................... 98
V. Genetic Control of Cell Liineage. . ................ ... ... .ooiin. . 104
V1. Conclusions......... a8l R 1w Mprbmemmzs drasg Iy N ST . s e 110

References ., ....................... U W LA, B T T il

The Regulatory Hierarchy Controlling Sex Determination and
Dosoge Compensation in Caenorhabditis elegans

ANNE M. VILLENEUVE AND BARBARA J. MEYER

L IEERORECEION 20 sv o dnn immimis o o s oo maied e am s oo sty om0 o midiais s o o o s srane 4 118
Il. Sexual Dimorphism in Caenorhabditis clegans . .. ..................... 119
ITI. The Primary Sex Determination Signal: The X/A Ratio................ 122
IV. Genes That Control Sex Determination but
Not Dosage Compensalion. .............. ... 1265
V. A Pathway for Sex Determination in Sumatic Tissues: Genetic and
Molecular Epistasis among the Autosomal Sex-Determining Genes . . ., 138
V16 Germ Line Sex Determination. . ............. ........coiiiiiiin.. 142
VIIL. In Pursuit of Downstream Differentiation Funetions. ................ : 144
VL. X-Chromosome Dosage Compensation. ... ... ................... 145
IX. A Pathway for the Coordinate Control of Sex Determination and
Dosage Compenisation. .. ........uuuuertonr ottt aeenan.s 152
X. How Many Genes Are There?. .. .............. O T e e e v 163
XI. The X/A Ratio Revisited ............ ... ... . ... . ..cociiiuiiu.. 165
XIL. The Roles of Autonomy, Nonautonomy, and Maternal
Influence in the Choice of Sexual Fate. ............ ... ... ... .. .. ... 170
XIII. Determination and Differentiation . ............ccovoiriiiiiriennnn. s 175
XIV. Concluding Remarks. . ........ouiiin i e 179
ReloTenees . « « ooniu vn s o5 536,083 50k £ 5 5005 1555 LS n e an t v amacs s s Kos e o 182
Genetic Control of Sex Determination in Drosophila
MonNica STRINMANN-ZWiICK Y, HUuBERT AMREIN, AND ROLF NOTHIGER
L IAEROQUEHION . . 5ot 6 n ot amiminis o s o 6 b smniosian o & v st s 6 5 o sthuatge s 3 Sroiine 189
1. Sex Determination in the Soma: From Sex-lethal to double-sex ... ... ... 192
ITl. From the Primary Signal to Sex-lethal ...._.......................... 206
IV. From double-sexto Real Sex. .. ... .. ... ... .. ... ... ..ccocoi. .. 216
References............. A o758 T2 B T e v Ererer i S st 5y e o 230
Role of Gap Geres in Early Drosophila Development
Urnnike Gavn AND HERBERT JACKLE
L IRradbBlion s Lol § Rl S0 bashints S o Snada’ss & dhvdhny o § e 239
1. Gap Genes: Mutant Phenotypes, Sequence

Analysis, and Expression Patterns. ........... ..ot 241
L. Regulation of hunchback and Kriippel Expression ... ......... e eyl 246



CONTENTS vii

1V. Influence of Gap Genés on Pair-Rule Genes .. ............oocoieiven. . 261
V. Gap Genes Act on Homeotic Selector Genes. ................coconeiuns 266
V1. Late Expression Patterns of hunchback and Kriippel and
Their Regulfbionm. i § - « oFun <o o ko 0sindbF 6« o v shvains oo o Sgibian v o Sorgian 4 s 268
REfEFBICEE . . o+« vihvieidion ss bowmibrbin o 5 on svbain e v n oraidinie o b o & biesres & 0 0 wbieann s b 272

Role of the zerkniillt Gene in Dorsal—Ventral Pattern Formation in Drosophila

CuristTiNg Rusii.ow AND MicHnAgL LEVINE

L. TASrofuetion o o cuimmi oo« o subcalates « ¥ o R ibiaioms ate s ecoareis s o6 tiacemra s an s sovars o b & 277
11. Genetic Characterization of the zerkniillt Gene. . ...................... 281
II1. Regulation of zerkniillt Expression by Maternal Factors.......... L - 287
IV. Regulation of zerkniillt Expression by Zygotic Factors ................: 297
V. zerkniillt “Target” GeNes .. .........ouiieiuiiiniiai i, 303
REFEFENCES . & o o vrvivivion 0 36 o Fudin 3 863 W EHT S HEWIUR S 58 FREAES S 8 0oTud § 7 304

Molecular and Genetic Organization of the Antennapedia Gene Complex of
Drosophila melanogaster

THoMAs C. KAUFMAN, MARK A. SEeGER, AND GARY OLSEN

L TObrodehibn. . i o iyt iz o a5 A &5 6 s dimdina sk e o mas v 6 s weean ey s ilsm 309
1. zerkniillt—bicoid—amalgam Interval ... ... ... ... ... ..ol 316
THL, foiaht 20raizis TOBUR . copin s 2 3+ st €5 0.0 S5ion R s 5 SEsmh s 69 Foeis s 0 5 o abiws 332
IV. Homeotic Loci of the Antennapedxa Comiples-.. . - : scaix cs a2 v wsans 335
V. Origin and Evolution of the Antennapedia Complex ................... 350
VI. Homeaobox in the Antennapedia CompleX ........ocvveiveiinriniei.. .. 353
VIIL. Conclusions and Prospects. . .. ... R B E Rt S R o RIS R (1Y 355
RBTErONCOS v 5 =5 wsrwcsvons w/s 5 5 o S ind e ark w Statona o o2 i o 1o o113 s A mimions 355

Establishment and Mainfenance of Position-Specific Expression of the
Drosophila Homeotic Selector Gene Deformed

Wiriam McGinnis, THomas Jack, RORIN CHADWICK,
MicHAEL REGULSKL, CLARE BERGSON, NADINE MCGINNIS,
AND MicHAEL A. Kuziora

!. lntri)dﬁction R € N P S Sy o Ry VoS SO ¥ IS 363
I Establishment of Pnsitioq-Speciﬁq Expression of Deformed ............. 374
III. Maintenance of Position-Specific Expression of Deformed .............. 387

Referenees . . .o vcvessectvimumonenevrmboiensonemaseeun e cheipe o 398



viii

1.

I
111

CONTENTS

Mechanisms of a Cellular Decision during Embryonic Development of
Drosophila melanogoster: Epidermogenesis or Neurogenesis

Josg A. CAMPOS-ORTEGA

Introduction

. Cellular Aspects of Neurogenesis ................ooooiiien ..
. Genetic and Molecular Aspects of Neurogenesis
““""““ﬂnmmau;"l__‘:"f\?tz?sts "

References N R e

403
405
412
442
446

455



GENETIC REGULATORY HIERARCHY IN
Caulobacter DEVELOPMENT
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|. Introduction

Regulatory hierarchies orchestrate the expression of large numbers
of genes involved in developmental programs. Eukaryotes and pro-
karyotes both use cascades of positive and negative trans-acting factors
to control the level of expression of many genes in an ordered fashion,
for example, mating type expression in yeast, vulva development in the
nematode, and formation of the bithorax complex in Drosophila. Regu-

+ Present address: HvdroQual Inc.. Mauhwah, New Jersey 07463.

I Present address: Department of Developmental Biology, Schoal of Medicine, Arnold
and Mabel Beckman Center for Molecular and Genetic Medicine, Stanford University
Medical Center, Stanford, California 94305.
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2 RUTH BRYAN et al.

latory hierarchies also control sporulation in Bacillus subtilis, fruiting
body formation in Myxococcus xanthus, and flagellar biogenesis in Cau-
lobacier crescentus and Escherichia coli. Here we describe the Cau-
lobacter regulatory cascade that controls flagellar morphogenesis and
then compare the observed mechanisms to those that appear in other
prokaryotic developmental systems.

Il. Life Cycle of Caulobacter crescentus

Caulobacters are dimorphic, gram-negative bacteria which are found
in fresh water, sait water, and soils (Poindexter, 1981). This article
foeuses on the freshwater Caulobacter crescentus, which is the best
known species of the group (Shapiro, 1985; Newton, 1989). The organ-
ism spends part of its celi cycle as a nonmotile stalked cell and part as a
motile swarmer cell, The life cycle of Caulobacter crescentus is shown in
Fig. 1. The predivisional cell is asymmetric: at one pole is a stalk, an
appendage congisting in C. crescentus of cell wall and membranes,
periodically interrupted by disklike crosshands (Poindexter, 1964). At

e (% ['Swarmer cell |

9-0-9-8-0<

Predmsuonal
cell

flaD fibN
flak
Hook' ———""—"1
figJ

{ == figL
Flagellins ETE )

Basal body

figk

—— MCP
Chemetaxis functions 4 —— cheR
[——— cheB

F1G6. 1. Caulobacter cell cycle. Morphological changes during the cycle are indi-
cated, as well as the timing of expression of flagellar and chemotaxis genes.
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the other pole is a single flagellum. Upon division, two different cell
types are produced, one flagellated and one stalked, as shown in Fig. 2.

Immediately following division, the daughter stalked cell initiates
DNA replication. As it replicates its DNA, it elongates and, in a defined
order, produces the proteins needed to build the flagellum at the pole

F1G, 2. Eiectron micrograph of C. crescentus swarmer and stalked cells, negatively
stained with uranyl acetate. The helical filament on the swarmer cell is approximately
15 nm in diameter. The stalk diameter is about 90 nm.



4 RUTH BRYAN et al.

opposite the stalk. Following completion of DNA replication and the
synthesis and assembly of the flagellum at the swarmer pole, the cell
divides. The cell begins swimming just prior to the time of cell division.

After cell division, the daughter swarmer cell does not initiate DNA
synthesis. It continues to synthegize the 25K flagellin for assembly of
the distal portion of the flagellar filament. After one-third of the cell
cycle the swarmer cell loses its filament and begins to grow a stalk at
the site where the filament had been attached. At this time, the cell
initiates DNA replication, and thereafter the cell cycle continues ex-
actly as in the daughter stalked cell. In rich laboratory media, this cell
cycle is invariant, with approximately 30% of the life-span of the
swarmer daughter cell spent as a swarmer and the remainder as a
stalked and predivisional cell.

Caulobacters are well adapted to survival under conditions of limited
nutrients. The stalk, with a large suirface area to volume ratio, func-
tions in nutrient uptake. The stalked cell attaches to surfaces using the
holdfast at the end of the stalk, while the motile cell (swarmer) can
undergo chemotaxis, swimming toward a more favorable location
(Shaw et al., 1983). Thus, ecologically, Caulobacter exploits two sur-
vival strategies each generation: one cell remains and one swims away.

. Structure of the Flagellum

The flagellum of Caulobacter crescentus is similar to those of Salmo-
nella typhimurium and E. coli in size and architecture (Fig. 3). It is
pomposéd of three sections, the basal body, the hook, and the filament.
The basal body, which forms the most proximal portion of the flagellum
(Hahnenberger and Shapiro, 1987; Stallmeyer et al., 1989), is composed
of five rings threaded on a central rod and embedded in the cell surface,
with the innermost ring in the inner membrane and the outermost ring
in the outer membrane. One of the middle rings appears to be associated
with the peptidoglycan layer. The basal body of C. crescentus is quite
similar to those of E. coli and 8. typhinurium, except, that it contains
five instead of four rings. The extra ring is located at the site of filament
separation and may be involved in loss of the flagellum each generation
(Stallmeyer et al., 1989).

The hook is a helical assembly of 70-kDa monomers (Wagenknect et
al., 1981). It is believed that the hook is assembled outside the cell by
the addition of protein monomers which travel out through the hollow
center of the basal body rod (Macnab, 1987).

The filament in C. crescentus is also similar in structure and size to



