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Preface

In 1985 I discussed with John Sommerville the state of chromosome research.
We both felt that it would be worthwhile organizing a workshop for colleagues
active in chromosome research, since the exciting new developments in this field
obtained with the new molecular techniques often appeared to be insufficiently
integrated into classical knowledge.

When Peter Hausen and I considered that the 65th birthday of Professor
Wolfgang Beermann ought to be celebrated with some kind of scientific activity,
emphasizing the importance and widespread influence of his scientific work, I
remembered our earlier discussion. We felt that the birthday of W. Beermann
would be an excellent opportunity to assemble scientists from all over the world
and to try and achieve some kind of integration of classic and modern aspects of
chromosome research. The opening and closing words spoken by Mel Green and
Joe Gall are enclosed, since they emphasize one of the chapters written in
chromosome research.

This volume is a document of a symposium organized in 1986 in Tiibingen.
However, it is not the documentation of a symposium in the usual sense. I have
asked the invited speakers of this symposium to prepare a manuscript which meets
the original intention and tries to integrate the classic knowledge from cytology
and genetics with molecular data. Although some topics of chromosome research
have occasionally been treated in other publications, a comprehensive assembly of
the present knowledge has not yet been available. I hope that this volume alters
the situation by providing an up-to-date account of various fields of chromosome
research.

In various contributions it will become evident that often fundamentally new
ideas are still necessary to arrive at a real understanding of the phenomena. This
is particularly true for all questions on chromosome structure. Understanding
gene regulation is closely connected to understanding chromosome structure.
This shows that we are still far away from even understanding gene function. This
book may help to induce new approaches stimulated by the recognition of the
unsatisfactory state of our insight.

For several reasons it has not been possible to achieve a complete coverage
of all the divergent aspects of chromosome structure and function. In particular,
the important contributions of yeast chromosomes, which have not been
appreciated by the classic cytologists as suitable material for research, are not
represented. I hope that this volume will nevertheless prove valuable for all those
fascinated by chromosomes, by questions on gene function and by cellular
differentiation processes.



VIII Preface

I am extremely grateful to all contributors for their dedication and co-
operation. I feel very excited to read the various chapters on a research line which
has been the focus of my own scientific career and which began in the 1960’s in
W. Beermann’s Department in the extremely fascinating and stimulating en-
vironment of internationally leading colleagues. Only today can I fully appreciate
the primary importance and value of such a scientific environment for post-
graduate education.

Nijmegen, April 1987 WOLFGANG HENNIG
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Introduction

M. M. GREEN!

“There is no science without fancy and no art without facts”

V. Nabokov

I am enormously pleased and honored to introduce this book, partly based
on a Symposium which was convened in part to belatedly celebrate the 65th birth-
day of our colleague and friend Wolfgang Beermann, to wish him well and many
more birthdays, in part to recognize and to bring up-to-date his genuinely signif-
icant research contributions to the subject of “Eukaryote Chromosome Structure
and Function”, and in part to wish him Godspeed, as he contemplates emeritus
status.

I have for some time pondered the question: Am I qualified to make this in-
troduction? For reasons which I shall spell out promptly, I conclude I am quali-
fied. Because I am neither a cytologist nor a developmental biologist nor bio-
chemist, just a “fly pusher” of the traditional Drosophila school, I can be com-
pletely objective in evaluating Beermann’s research contributions. Furthermore,
having been Beermann’s friend for almost 25 years, having published with him
and worked in Abteilung Beermann, I can provide some personal insights into the
research environment which he cultivated. And, finally, since I am Beermann’s
senior by almost 5 years and have enjoyed the emeritus status for almost 4 years,
I believe I can provide him with worthwhile advice as he embarks on his new ca-
reer.

In the synopsis which follows I shall try and provide for you a personal view
of Wolfgang Beermann’s research accomplishments to date, the research environ-
ment he generated, the impact he and his students and associates have had in the
realm of eukaryote chromosome structure and function and the lessons we can
learn. I will close with some friendly advice!

The eminent bacteriologist and Nobel laureate Paul Ehrlich attributed scien-
tific discovery to four elements: Geld (money), Geduld (patience), Geschick (skill
or talent), and Gliick (luck). If I may be so bold, I would add two more elements:
Gehirn (brains) and Gedanke (idea). Gliick, if translated as chance not luck, has
a role in research only, as Pasteur emphasized, if one is prepared for the chance
event.

How does Beermann’s research fit into the remaining elements? Geld, it seems
to me has played only a trivial role. His research employed a compound micro-
scope, slides and coverglasses, stains, a few dissecting tools, and a place to raise
Chironomus. All in all, by current standards these are an inexpensive array. Even
his reprint costs were not excessive because the sum total of his publications span-
ning more than 3 decades is 45! (This seeming dearth of publications inparts an
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2 M. M. Green

important lesson on scientific research. Quality, not quantity, bespeaks Beer-
mann’s published work. When he had something to say, he published. He was im-
mune from the “publish or perish” syndrome which generates too many prema-
ture and/or redundant publications and overburdens the libraries of the world!)

Geduld has been a necessary element in carrying out the painstaking, precise
polytene chromosome cytology which Beermann produced; and the laboratory
breeding of Chironomus species with their few annual generations manifestly de-
manded patience.

The remaining three elements, viz. Geschick, Gehirn, and Gedanke, taken to-
gether, I believe are necessary elements in the dictum of the renowned biologist
and Nobel laureate, Szent-Gyorgi’s on the nature of scientific research viz. “re-
search is to see what everyone else has seen and to think what no one else has
thought.” Here, I shall briefly cite three Beermann publications which explicitly
and elegantly fulfill Szent-Gy6rgi’s dictum.

First, Chromomerenkonstanz und spezifische Modifikationen der Chromoso-
menstruktur in der Entwicklung und Organdifferenzierung von Chironomus tentans
(Chromomere constancy and specific modifications of chromosome structure in
the development and organ differentiation of C. tentans), published in 1952, is a
benchmark paper in the annals of research on chromosome structure and devel-
opmental biology. Here, Beermann sees in the polytene chromosomes what
others have seen — Balbiani rings by Balbiani, puffs first seen in D. melanogaster
and so named by Bridges — demonstrates the differential occurrence of puffs in
different organs of C. tentans and thinks what no one else has thought before, viz.
that the puffs must represent the visual manifestation of gene action! Their dif-
ferential occurrence in different organs is the consequence of differential gene ac-
tion. Subsequent biochemical research confirmed the correctness of this deduc-
tion.

In a second paper Geschlechtsbestimmung und Evolution der genetischen Y-
Chromosomen bei Chironomus (Sex determination and the evolution of the genetic
Y chromosomes of Chironomus) Beermann demonstrates that with patience and
keen powers of observation, it is possible to carry out cytogenetic experiments
with Chironomus. Here he establishes that in Chironomus, lacking heteromorphic
sex chromosomes, males are the heterogametic sex and maleness is determined by
a cytogenetically delimited “dominant” sex differentiator linked to one chromo-
some.

Finally, Beermann’s striking powers of observation and deduction are mani-
fest in a paper entitled Ein Balbiani-Ring als Locus einer Speicheldriisenmutation
(A Balbiani ring as the locus of a salivary gland mutation). Here he observes that
in the salivary glands of C. tentans, four specific cells lack secretory granules not
found in the equivalent four cells of C. pallidivitatus. By making crosses between
the two species he demonstrates the granules to be inherited as a unitary, recessive
Mendelian character, and linked to one particular chromosome. A puff specific
to the four cells of C. pallidivitatus and absent in the same cells of C. tentans as-
sociates the secretory granules with the puff and affirms the conclusion that gene
expression and puff formation are inexorably linked!

As I implied at the outset, an individual’s research contributions are made in
two ways: in part by personal research efforts and in part through the influence
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a researcher exerts on his students and associates, the role model one exemplifies.
In his relationship with students and associates, Beermann followed, I do believe,
a long-standing, but slowly disappearing German tradition which is illustrated in
the following excerpt taken from the biography of the distinguished German bio-
chemist and Nobel laureate, Otto Warburg, written by his equally distinguished
Nobel laureate student, Hans Krebs. Krebs described Warburg’s graduate educa-
tion as follows: “In 1901, Warburg began his studies of chemistry at the Univer-
sity of Freiburg. As was customary in central Europe, he later moved to another
university, Berlin, where he completed his studies with a doctoral thesis under
Emil Fischer in 1906 ... Fischer himself, though a head of a large institute with
many teaching commitments, spent most of his working time at the bench, side
by side with his research students. He set an example by his style of working, his
high standards of reliability and personal integrity on which Warburg modeled
himself throughout his life.”

In the foregoing, by substituting the name Beermann for Fischer, an accurate
and apt description of Beermann’s research style and role model is achieved. He
worked and continues to work at the bench with the patience and the enjoyment
of a researcher whose reliability and integrity are impeccable! His influence on his
students and associates has generated an array of original and significant research
projects which gained for Abteilung Beermann a rightly deserved international
reputation. The scope of these investigations goes beyond the cytology of Chiro-
nomus, thereby attesting to the great breadth of Beermann’s interests and knowl-
edge in the areas of cytology, genetics, and development. I will cite here only a
few studies to emphasize the scope of the research, e.g., the cytogenetics and dif-
ferentiation of the Y chromosome in Drosophila hydei carried out by Hess and
Meyer and by Hennig; chromosome diminution in Cyclops studied by Sigrid
Beermann; the biochemistry of Chironomus larval salivary gland secretion initi-
ated by Grossbach. Consistent with a long-standing German research tradition,
all these studies — some of them doctoral dissertations — bear the imprint of Beer-
mann’s guidance, advice, and attention to detail. None of the publications de-
rived from dissertations bears his name! (There is yet another important lesson
in scientific research to be learned from the foregoing. Only at the bench can a
researcher see the unusual, the unexpected. For it is upon those “cherished excep-
tions” that much scientific progress depends. How much is the current breed of
researchers missing in discoveries and excitement by sitting behind a desk instead
of at the bench or by indulging in what Otto Warburg disparagingly called “aca-
demic tourism?”’)

It is fitting and appropriate that a number of the chapters of this present book
will bring up-to-date research themes pioneered by Beermann and his students
and associates. Accordingly, Edstrom discusses the Balbiani ring system, Taylor
considers the replication of eukaryote chromosomes, Schweizer examines the na-
ture of polytene chromosome banding, Korge describes the current status of sal-
ivary gland secretions, Judd considers the organization of the white eye color lo-
cus in D.melanogaster, and Nothiger reviews the problem of sex determination
in eukaryotes.

To round out the theme of this book, Callan discusses the behavior of chro-
mosomes during meiosis, Scheer considers the contributions of the Miller spread-
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ing technique to chromosome research, Saumweber discusses the chromosomes
in the cell nucleus, Spradling evaluates gene amplification and eukaryote chromo-
some structure, Sippel considers DNA-protein interactions in eukaryote chromo-
somes, Schwarz-Sommer describes the place of transposable elements in eukary-
ote chromosomes, Rae considers basic chromosome research in biotechnology
and medicine, and Wright describes gene clusters in D. melanogaster.

Finally, let me offer some friendly advice to a colleague gradually approach-
ing emeritus status whose friendship I esteem and whose intellect I respect and
admire. Emeritus status is not the end of a career, it is only a time for altering
the course of a career. At long last you have earned freedom from administrative
chores, commitments to students and associates and any other impedimenta
which keep you from what you enjoy most. Now, you can continue at the bench
pursuing whatever research strikes your fancy with unimpeded pleasure and per-
sonal satisfaction. For the dedicated researcher this is the best of an otherwise im-
perfect world and I am confident you will make the most of it.

In keeping with a long-time German tradition, I end these brief introductory
remarks with a quotation from another eminent and distinguished Wolfgang, Jo-
hann Wolfgang von Goethe:

. Was gldnzt, ist fiir den Augenblick geboren.
Das Echte bleibt der Nachwelt unverloren.*
(“What glitters fills an instant and is gone.
The genuine will for posterity live on.””)



Lampbrush Chromosomes as Seen in Historical
Perspective

H.G. CaLLaN!

Lampbrush chromosomes were first seen by the founder/father of cytology,
Walther Flemming, in 1878, but Flemming was not convinced that they were
chromosomes, nor did he know them by the name that has now become so famil-
iar. Flemming and his student Wiebe were studying the development of oocytes
of Amphibia and fish, and in stained sections through the oocytes of the Mexican
axolotl they noticed elongate objects, apparently consisting of thin fibres nor-
mally arranged to the axes of these structures, in germinal vesicle nuclei. A draw-
ing of these objects (Fig. 1) was published by Flemming in 1882 in his classical
monograph on cells and cell division. Similar structures were seen by Rabl (1885)
in oocytes of Proteus, and by Holl (1890) in those of the chicken.

Fig. 1. Flemming’s (1882) drawing of a stained section through a young oocyte nucleus of Am-
bystoma mexicanum
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However, the real discoverer of lampbrush chromosomes was Riickert, who
in 1892 published a fascinating and novel account of what happens to the chro-
mosomes during the growth of elasmobranch oocytes. Riickert’s studies were
made at a time when chromosomes were coming to be a focus of attention because
many cytologists, though by no means all, thought that they carried hereditary
factors; and there was consequent lively debate as to precisely what occurs to the
chromosomes during the development and maturation of germ cells. In 1887
Schultze had claimed that the “chromatin” present in young oocyte nuclei of Am-
phibia disappears during the course of oocyte growth, and only reappears, as
chromosomes, on the first polar body spindle of the egg at maturation. If true,
this clearly ruled out the possibility that the chromosomes are directly responsible
for inheritance. Flemming’s reluctance to identify as chromosomes the structures
that he had seen in axolotl oocytes had a similar origin, for he recognized that,
unlike interphase chromatin and ordinary chromosomes during cell division, they
did not stain intensely with basic dyes.

By first studying stained sections through Pristiurus ovaries Riickert estab-
lished that the nuclei of the smallest oocytes contain chromosomes similar to
those of mitotic cells at prophase, and not ill-defined chromatin like that present
in interphase nuclei. As oocytes grow to reach about 2 mm diameter, so too do
their nuclei; thereafter the oocytes continue to enlarge with the deposition of yolk,
but not their nuclei. During the growth of the oocyte nucleus its chromosomes
grow longer and thicker, become more widely spaced and lose their stainability.
For a while their axes remain defined by rows of stainable chromomeres that pro-
gressively increase in number and diminish in size, essentially to the point of van-
ishing altogether. At this stage, in sections, those regions of the nucleus that are
occupied by the bloated chromosomes are scarcely distinguishable from neigh-
bouring regions containing nuclear sap only, and the regions are in any case with-
out sharp boundaries. However, as oocytes grow a little larger, to some 0.75—
1 mm diameter, differentiation between chromosomes and nuclear sap improves,
and Riickert was able to describe and draw (Fig. 2) the chromosomes at this stage;
each portion consists of intertwined threads that loop back and forth across a ma-
jor axis, thus resembling a ,, Lampenzylinderputzer” or lampbrush. Nowadays a
rather closer comparison might be drawn to a steel brush of continental European
design, of the kind used for removing deposit from shotgun barrels, and in which
the steel wire, instead of having a multiplicity of free ends distal from the axis,
is formed into a series of loops that project, from a stiffened twisted axis.
Whatever analogy one prefers, the main point I wish to stress is Riickert’s clear

Fig. 2. Riickert’s (1892) drawing of part of a lampbrush chromosome of Pristiurus
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Fig. 3. Riickert’s (1892) drawing of the entire lampbrush chromosome complement of Pristiurus
from an isolated, fixed and stained germinal vesicle, when the chromosomes have reached their
‘ maximum size

recognition of laterally projecting /oops, and his own happy choice of an arresting
descriptive term is firmly established in cytological literature. Riickert was unsure
whether chromomeres continue to occupy the chromosome axis when the lateral
loops are maximally extended, but he was in no doubt that as the loops develop
they extend from axial chromomeres, and as they regress, chromomeres re-
appear.

Because sections through Pristiurus oocytes only provided views of small por-
tions of lampbrush chromosomes, and since Riickert now wanted to see the chro-
mosomes in their entirety, and count them, he isolated germinal vesicles freehand
using a dissecting lens, fixed them in acetic-sublimate, stained for several days in
borax-carmine, and differentiated in acid alcohol until the nuclear sap was just
colourless. Figure 3 shows his drawing of the lampbrush complement from an oo-
cyte of 3 mm diameter. Riickert recognized that each lampbrush chromosome
was one of a pair attached to each other by ,,Ueberkreuzungen” (crossovers!), pro-
ducing the shapes that are so characteristic of diplotene bivalents. He counted be-
tween 30 and 36 per nucleus, most of the chromosomes being about 80 pum long,
the longest some 120 pm. He found that they remain constant in number, but pro-
gressively diminish in size during further oocyte growth, and by the time an oo-
cyte has reached 12 mm diameter the lateral loops have retracted completely.
From now on the erstwhile lampbrush chromosomes looked and stained like fa-
miliar chromosomes, and in this state they proceeded on to the division spindle
that produces the first polar body.

Riickert counted some 18 chromosomes at meiotic metaphase, a number that
must be wrong because it should correspond with the number of bivalents at
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diplotene; doubtlessly this error occurred because the metaphase bivalents are
small and tightly packed together on the division spindle of Pristiurus. It led
Riickert to accept the proposal of Hertwig, that the chromosome number doubles
very early on in oocyte development, and is reduced to one-quarter during the
elimination of the two polar bodies. It is a minor blemish in an otherwise remark-
able study.

Riickert’s claim for chromosome continuity throughout oocyte development
was speedily confirmed by Born (1892, 1894) working on the urodele “Triton
taeniatus”’ (Triturus vulgaris). The illustration from Born’s preliminary note,
which was published in the same volume of the Anatomische Anzeiger as that con-
taining Riickert’s paper, shows all the lateral strands as loops leaving from and
returning to the chromosome axis, and Born made the prescient point when de-
scribing these objects that the whole chromosome may well consist of a single, un-
interrupted strand, many times woven back on itself to form the lateral loops.

At the turn of the century Carnoy and Lebrun (1897, 1898, 1899) published
three papers on the development of amphibian oocytes, the first two of which
must be included in a survey of early work on lampbrush chromosomes. The texts
of these two papers are hard to evaluate, for the authors do not recognize chro-
mosomes as such. They speak of the disappearance of a “filament nucleinien primi-
tif”’ early in oocyte growth, and they claim that the remarkable structures found
in oocyte nuclei midway through the period of growth sprout out as filaments
from nucleoli, these filaments in turn sprout lateral filaments which at the peak
of their development take the form of granular loops, giving rise to “goupillons”
(bottle-brushes), and that thereafter the loops and filaments disintegrate. This de-
scription is so bizarre, and so much at variance with the observations of the more
authoritative German cytologists of the time, that Carnoy and Lebrum’s papers
could be disregarded were it not for the beauty and accuracy of their illustrations,
one of which is reproduced in Fig. 4. Clearly they worked with excellent prepara-
tions, and drew what they saw with precision. What they saw evidently included
chromomeres, lateral loops of great morphological variety and recognizable biva-
lents with chiasmata. The third paper of the series (Carnoy and Lebrun 1899),
which is concerned with the origin of the polar bodies in Triturus, starts off by
denying continuity of the “element nucleinien”’ during oogenesis, claims de novo
origin for the division chromosomes (this is the first occasion when Carnoy and
Lebrun use this term) from a coalescence of nucleolar products, is equally well
illustrated and the haploid chromosome number is correctly given as 12!

Evidence for and against the structural continuity of chromosomes during oo-
cyte development was actively sought during the first few years of the 20th cen-
tury, and supporters of Carnoy and Lebrun’s views included Goldschmidt (1902)
and Hartmann (1902), biologists who were later to make important positive con-
tributions to the study of heredity and its material basis. An early and formidable
opponent was Janssens, soon after to achieve fame by his “chiasma-type” inter-
pretation of bivalent chromosome structure. In a brief, but cogent paper, without
illustrations, Janssens (1904) emphasized the identity of the synaptic process in
spermatocytes and oocytes of Triturus, and stated that he was able to follow the
metamorphoses of the 12 bivalent chromosomes throughout oocyte growth and
right up to the first maturation division.
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Fig. 4. Carnoy and Lebrun’s (1897) drawing of parts of lampbrush chromosomes in a stained sec-
tion through the germinal vesicle of an oocyte of Salamandra

The arguments of the time were reviewed by Maréchal (1907) who also came
down firmly in favour of continuity despite his having worked at the Institut Car-
noy in Louvain. Maréchal worked with stained sections through elasmobranch
ovaries, and his observations gave full support to Riickert’s account of the genesis
of lampbrush chromosomes during the early stages of oocyte growth, their ap-
pearance at full development and the retraction of lateral loops and contraction
of chromosome axes as these chromosomes give origin to normal condensed
meiotic bivalents; the nucleoli do not intervene directly in any of these metamor-
phoses.

Around the turn of the century cytologists paid much attention to a certain
“duality” of the constituents of cell nuclei, how to distinguish between them and
their functional significance. Heidenhain (1894) introduced the terms basichro-
matin and oxychromatin to designate materials in fixed cell nuclei which stain
with basic and acidic dyes respectively. A few years later Lubosch (1902) intro-
duced the terms idiochromatin and trophochromatin, the former designating
“stable” hereditary material, the latter being “metabolic” or “trophic”. To a first
approximation basichromatin = idiochromatin, and can be equated with DNA/
histone in modern terminology, while oxychromatin = trophochromatin, and
can be equated with nuclear proteins, some of which are associated with RNA.
In the controversies surrounding the use of these terms the nature and behaviour
of the constituents of germinal vesicles figured largely.

The transformation of an oocyte’s chromosomes from basiphil (prior to oo-
cyte growth) to acidophil (during oocyte growth) and back to basiphil (towards
the end of oocyte growth in Amphibia, but much earlier in elasmobranchs and
birds) led Riickert and most of his successors to the view that the predominantly
acidophil lampbrush stage is a period when the chromosomes are metabolically
active, i.e. generating trophochromatin according to the terminology of Lubosch,
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actively synthesizing RNA in modern parlance. Thus, Jorgensen (1913), in the
course of a morphological study of oogenesis in the urodele Proteus anguineus,
the cave-dwelling olm of Carpathia, showed that if sections of ovary are digested
in the presence of trypsin or pepsin, the chromosomes when basiphil resist diges-
tion, whereas the acidophil lampbrush chromosomes are completely destroyed.
Jorgensen concluded from these observations that the protein backbone of the
chromosomes is protected from hydrolysis by the nucleic acid present during the
basiphil stages, and that when the chromosomes are acidophil and digestible no
nucleic acid is present.

The famous Feulgen technique for specifically and unambiguously staining
DNA, or thymonucleic acid as this substance was called at the time, was described
by Feulgen and Rossenbeck in 1924, and a few years later Brachet (1929) applied
the technique to sections of oocytes of various animals including Rana, Triturus
and Salamandra. Brachet came to the conclusion that when they are maximally
extended the lampbrush chromosomes of all three species are Feulgen-negative.
Brachet’s observations were at the time generally taken as evidence that thymo-
nucleic acid cannot be the primary and persistent genetic material of chromo-
somes.

Brachet’s observations were supported by those of several authors cited by
him in a later paper (1940), including in particular Koltzoff (1938) who studied
oocytes of Triturus, the hen and the pigeon by various techniques, including
Feulgen. Koltzoff made a contrast between the stable genotype of the chromo-
some and its phenotype, essentially a resuscitation of Lubosch’s distinction be-
tween idiochromatin and trophochromatin. Koltzoff visualized the stable mate-
rial in a lampbrush chromosome as a gigantic chain molecule or “genonema”
linking and including elementary chromomeres, possibly to be considered as
genes, which reproduce by a conservative template copying mechanism and
which, by a similar mechanism, induce the formation of maternal gene products
in the form of granular lampbrush strands and loops; the transversely disposed
lampbrush material ultimately detaches from the chromosomes’ axes, and enters
the egg cytoplasm at maturation. In the English summary of his paper Koltzoff
states without qualification that “chromatin, i.e. thymonucleic acid completely
disappears from the chromosomes during the second period of oogenesis and re-
appears again only in the fifth period; the chromatin should, therefore, by no
means be included into the genotype of the chromosome and, hence, it cannot be
regarded as an ingredient of the genes. Chromatin is primarily a solid protective
sheath of the chromosome which at some stages isolates the genonema from the
caryoplasm and determines the definite form of the chromosomes which is con-
venient for caryokinetic movements™.

Surprising though this may now appear, Koltzoff’s view of chromosome or-
ganization was a very fair statement of cytological opinion prevailing at the time.
Thus Caspersson (1936), on the basis of microphotometric observations with uv
light of the changing nucleic acid content of cell nuclei and chromosomes during
mitosis, and supported by the apparently total disorganization of Chironomus sal-
ivary gland chromosomes produced by tryptic digestion, held the view that chro-
mosomes have a protein framework to which nucleic acids become attached in
preparation for mitosis, the nucleic acids dispersing once more to the nuclear sap
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as nuclei pass from telophase to interphase. Caspersson’s view was championed
by Darlington and La Cour (1940) in a paper where chromosomes or parts of
chromosomes were stated to be charged or over-charged or starved of nucleic acid
according to their staining behaviour, and this “nucleic acid charging’ hypothesis
was maintained by Darlington in several subsequent papers until as late as
1947.

The question as to whether chromosomes really contain no thymonucleic acid
when in the lampbrush phase was evidently of crucial import in the late 1930s be-
cause of its bearing on the discussions then in progress concerning the nature of
the primary genetic material; the problem was taken up again by Brachet. Work-
ing with the oocytes of various Amphibia Brachet (1940) now showed that, de-
spite previous statements to the contrary, the chromomeres of the lampbrush
chromosomes of Triturus remain Feulgen-positive throughout oogenesis. Brachet
was still unable to demonstrate Feulgen-positive chromomeres in Rana oocytes
at the stage when their lampbrush chromosomes are maximally extended, but he
argued that anuran chromosomes are unlikely to be constructed in a fundamen-
tally different way from those of urodeles, they are merely much smaller, and that
consequently the chromomeres of Rana are too small for the Feulgen reaction to
be detectable in the light microscope.

In his 1940 paper Brachet also described how Feulgen-positive granules are
associated with free nucleoli in the small oocytes of Rana fusca. This finding was
independently confirmed by Painter and Taylor (1942) in a study of the distribu-
tion of nucleic acids in oocytes of the toad Bufo valliceps, their paper including
the first description of nucleolar DNA amplification, a phenomenon that was to
be overlooked for another 25 years. Painter and Taylor were also able to establish
that the chromomeres of toad lampbrush chromosomes are Feulgen-positive
throughout oocyte development. Earlier Painter (1940), evidently with thoughts
of Drosophila polytene chromosomes in mind, had speculated that lampbrush
chromosomes are “. .. the result of some sort of reduplication process”. However,
Painter and Taylor corrected this error 2 years later with the statement “. .. that
the germinal vesicle of the toad is highly polyploid in nucleolar organizers but
otherwise lampbrush chromosomes are normal meiotic structures”. Painter and
Taylor’s 1942 paper is important in another respect. Previous observers had gen-
erally viewed oogenesis as a process whereby material accumulates within the ger-
minal vesicle, under some kind of chromosomal control, and that this “excess nu-
clear material” only becomes available to the developing embryo when the germi-
nal vesicle wall breaks down. On the contrary, Painter and Taylor were able to
show, by methyl green/pyronine staining with and without prior ribonuclease di-
gestion, and in further confirmation of Brachet (1940), that a more dynamic sit-
uation exists, “... that there is a specific cytological mechanism in the toad (and
frog) which begins to deposit ribonucleic acid in the cytoplasm of the oocyte soon
after it is differentiated and continues to function through the months required
to build up the mature egg. While large amounts of nuclear material are set free
in the cytoplasm when the germinal vesicle breaks down, this appears to contain
very little nucleic acid of either the ribose or desoxyribose type”.

The last paper to consider in this context is one by Dodson (1948), who made
a morphological and cytochemical study of the lampbrush chromosomes of the
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large American salamander (“Congo eel’’) Amphiuma means. Dodson’s morpho-
logical observations on lampbrush chromosomes agreed with “. .. the classic pic-
ture as reported by Riickert and most subsequent writers”. Using the Feulgen
technique on Amphiuma Dodson confirmed once again that the chromomeres re-
main Feulgen-positive throughout oocyte development; after digestion with
thymo-nuclease the chromomeres were no longer Feulgen-positive, though the
morphology of the chromosomes remained unchanged. Staining with Unna’s
methyl green/pyronine mixture resulted in faint pyronine colouration of the lat-
eral loops, but after digestion with thymo-nuclease all capacity to stain was lost;
from this Dodson concluded that his nuclease was contaminated with ribonu-
clease, and that the lateral loops must contain RNA.

From the results of his studies taken overall, Dodson reached the following
conclusion:

“The structural skeleton of the chromosome appears to be histone, while the
nucleic acids are attached to this skeleton through protamine. In the main axis
the nucleic acid is of the thymonucleic type, while in the loops this is rapidly con-
verted to the ribonucleic type ... Functionally, the lampbrush chromosomes are
regarded as agents for the synthesis of ribonucleic acid and enzymes, or other type
of developmental agent, for use in the cytoplasm. ... In these chromosomes there
is a functional separation of idiochromatin (the main axis) and trophochromatin
(the side loops)™.

It is appropriate at this point to turn to another approach to the study of
lampbrush chromosomes, a method that was destined to lead to novel and far-
reaching conclusions. Beginning his work in 1936 in Prof. Baltzer’s laboratory in
Bern, the American Duryee discovered how easy it is to isolate the germinal
vesicles of amphibian and fish oocytes in saline media, and to remove the nuclear
membrane, both these operations being done freehand, and thereafter to handle
the lampbrush chromosomes with the aid of a micromanipulator. Duryee pub-
lished the first account of his observations in 1937, and one of his photographs
(of a bivalent lampbrush chromosome of Triturus pyrrhogaster) was reproduced
in Waddington’s (1939) textbook on genetics. Duryee’s crucial contribution was
his discovery that lampbrush chromosomes must not be exposed to Ringer’s am-
phibian saline if they are to be handled and examined in a life-like state, and that
for this deleterious action the calcium ions at the concentration present in
Ringer’s saline (CaCl, 1 mM) are responsible. Moreover, because the germinal
vesicle membrane is permeable to calcium, oocyte nuclei must from the start be
isolated and cleaned of cytoplasm in calcium-free Ringer. In Ringer containing
calcium the chromosomes quickly become brittle and contracted, loops as well as
main axes, whereas in calcium-free Ringer they remain extended as in life, and
furthermore show remarkable elastic extensibility when stretched by microma-
nipulation. When the chromosomes are stretched, the bases of the loops do not
open up, as they would if the loops were merely the lateral projections of a loose
coil; instead, the lateral projections remain as loops, with their bases close to-
gether and associated with chromomeres visible in the stretched main chromo-
some axis.

Figure 5 shows Duryee’s schematic diagram of the morphology of a lamp-
brush bivalent as published in 1941. It is erroneous in several respects, and in part
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Fig.5. Duryee’s (1941) schematic diagram of the structure of a lampbrush bivalent

these errors must be attributed to diffraction artefacts; unfixed and unstained
lampbrush chromosomes are exceedingly difficult to see, let alone to observe criti-
cally under a light microscope using ordinary illumination, and indeed Duryee
stated that in order to take his photographs he was forced to increase the refrac-
tility of the chromosomes by adjusting the saline pH to 4.5.

Duryee’s view of lampbrush chromosome organization was that the main axis
consists of a “single plastic cylinder” with granules, chromomeres, embedded in
this cylinder. The chromomeres are present in pairs, or are dumbbell-shaped,
transverse to the chromosome axis, and where loops are present these are single,
running from a granule on one side to its partner on the other. Duryee’s concep-
tion of the loops was that they are the products of “molecular templates’ which
remain in the chromosome’s axis cylinder, the loops starting as transverse bars
between a chromomere pair (so giving rise to the dumbbell shape), then intermit-
tently growing and buckling out from the main axis, then fragmenting into gran-
ules which come to lie free in the nuclear sap and which ultimately enter the egg
cytoplasm at maturation. Duryee identified the junctions between homologous
chromosomes as chiasmata, and he was unable to break these junctions by micro-
manipulation.

Considered in detail, there are a host of mistakes in Duryee’s account of the
structure of lampbrush chromosomes, but they should not distract the reader
from appreciation of his main achievement, which was to show that lampbrush
chromosomes can be easily isolated freehand and unfixed provided calcium-free
saline is used as the medium for isolation.

In a paper primarily concerned with the structural organization of meiotic
prophase chromosomes of grasshoppers, Ris (1945) considered the evidence for
a “chromonemal” (i.e. continuous thread) as opposed to a “chromomeric” (i.e.
beads on a string) type of organization, and came down strongly in favour of the
former. Ris claimed that the chromomeres seen in leptotene by so many of the
earlier cytologists are in reality regions of a coiled chromonema of uniform thick-
ness where the gyres of the spiral are more tightly packed together than they are
in neighbouring “interchromomeric” regions. The reason for referring to Ris’s
paper is that he included a photograph of a portion of a lampbrush chromosome
from “... a frog oocyte, smeared in aceto-orcein”, and stated that: “In contrast
to Duryee, Koltzoff and Painter, it is here suggested that ‘lamp-brush chromo-
somes’ are typical diplotene chromosomes which differ from other diplotene
chromosomes only in the tremendous longitudinal growth of the chromonemata.
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The loops are then the major coils of the laterally separated chromonemata, the
chromomeres are simply overlaps of the strands just as in diplotene chromosomes
of the grasshopper”. This opinion flew straight against the evidence from micro-
manipulation that had been given by Duryee, and was indisputably wrong, nev-
ertheless as we now know it concealed a half-truth. There was, moreover, another
half-truth in Ris’s 1945 paper, for which the evidence was only provided several
years later. Unlike Duryee and Koltzoff, both of whom regarded the lateral loops
as gene products which are periodically sloughed off in their entirety from a pri-
mary chromosome axis, Ris claimed that “... the reduction in (lampbrush) chro-
mosome size, just before the meiotic divisions, is accomplished ... not by throw-
ing off parts of the chromosome ... but by the elimination of material on a sub-
microscopic level”. _

It was in 1947 that I first came to realize the potentialities which amphibian
oocytes present for experimentation, but this realization did not stem from my
having read Duryee’s papers. Instead, it arose from a misconception of the pro-
cess of oogenesis! I wished to compare first meiotic metaphase chromosomes of
newt (Triturus cristatus carnifex) oocytes with those of newt spermatocytes, being
already familiar with the latter (Callan 1942). For this purpose I fixed newt
ovaries in Zenker’s fluid, and used the Feulgen technique on the largest oocytes
with the expectation of finding, under a dissecting binocular, a small purple object
— the group of meiotic chromosomes — lying in an unstained mass of yolky cy-
toplasm. Instead, I found that entire oocytes stained bright purple, a consequence
of the plasmal reaction, and when broken open these oocytes each revealed a large
white sphere inside, the germinal vesicle. It was only thereafter that Duryee’s
photograph of a lampbrush bivalent in Waddington’s (1939) textbook of genetics
came to my attention and I then read Duryee’s paper.

With the help of S. G. Tomlin, who operated an early model of the Siemens
electron microscope in the Physics Department of King’s College, London, I then
attempted the freehand isolation of Trifurus lampbrush chromosomes under a
dissecting binocular, attaching parts of moderately stretched chromosomes to a
film of metalized formvar, the film thereafter being mounted on an EM grid, sha-
dowed and examined. These preparations showed that the axis of a newt lamp-
brush chromosome consists of a single filament of relatively even diameter, about
20 nm, to which lateral loops are attached at intervals. The preservation of the
lateral loops left much to be desired, but the finding of a single axial filament of
so little width (Fig. 6) came as something of a surprise, for even in the light mi-
croscope the dual nature of the axes of chromosomes at diplotene is readily ob-
servable in suitable material, such as grasshopper spermatocytes. This prelimi-
nary work was published in 1951.

While manipulating the chromosomes of Triturus for EM study it soon be-
came apparent that there is considerable morphological variety amongst the ob-
jects attached to lampbrush chromosome axes; this was evident even under a dis-
secting binocular. I therefore attempted to examine in phase contrast unfixed
preparations of lampbrush chromosomes which had been isolated in saline and
then placed between a conventional coverslip and slide. This latter operation
proved to be fraught with difficulty; indeed, it was at once clear that complete un-
damaged chromosome complements could not be prepared in this manner. I
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Fig. 6. Electron micrograph showing the single axial filament running between two chromomeres
in part of a stretched chromosome of Triturus cristatus. Bar=2 pm. (Tomlin and Callan 1951)
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started to experiment using depression slides, and it was at this juncture that J. G.
Gall, then a postgraduate student, first wrote to me from Yale University, giving
at once invaluable advice on how to proceed.

Gall had been studying the lampbrush chromosomes of Triturus (Notophthal-
mus) viridescens, and his first account of this work was published in 1952. In it
he described how preparations can be made which permit protracted study under
phase contrast, and with immersion objectives resolving to the limit achievable
by the light microscope. A germinal vesicle is isolated and cleaned of adhering
yolk in calcium-free saline, then transferred to a large drop of saline on a cover-
slip, where its membrane is removed. As the nuclear sap disperses, nucleoli and
chromosomes both become more and more clearly visible, and they fall to the
coverslip surface. The coverslip preparation is placed for an hour in a moist
chamber saturated with osmic or formaldehyde vapour, after which time the
chromosomes generally come to adhere firmly to the glass. The coverslip is now
inverted over a thin depression slide filled with immersion oil, and is finally ringed
with paraffin wax. Gall had established that the method of fixation by vapour
causes little morphological alteration of the chromosomes other than a measure
of contraction which enhances their refractility, so that such preparations con-
serve a life-like appearance yet are essentially permanent.

Gall observed and photographed parts of the N. viridescens complement that
were regularly identifiable from preparation to preparation. He saw chromo-
meres of various dimensions, the patterns of which were similar, though not al-
ways identical, in homologous region of bivalents, and he identified the centro-
meres (kinetochores), which in N.viridescens are elongate chromomeres without
lateral loops. Gall confirmed earlier demonstrations that the chromomeres, but
not the lateral loops, are Feulgen-positive, and as regards the latter Gall stated
that “... the lateral loops are dissolved away if the chromosomes remain an hour
or more in distilled water”. He further confirmed that the interchromomeric fi-
bril, which he termed the chromonema, is a single strand.

Gall’s detailed account of the lampbrush chromosomes of N.viridescens was
published in 1954. In the material and techniques section of this paper he de-
scribed a novel method for examining lampbrush chromosomes with an inverted
microscope, the use of which was soon to lead to a better understanding of the
organization of these objects. Gall identified all 11 bivalents of N. viridescens on
the basis of their lengths (which at maximum extension range from about 350 to
800 pum), centromere positions, the positions of loops which can be regularly rec-
ognized because of their exceptional lengths (some up to 200 um) or exceptional
textures and the positions of various other laterally attached objects, particularly
“knobs”” and nucleoli. As regards the latter, Gall compared the place where a nu-
cleolus, morphologically similar to the free nucleoli, is attached to one lampbrush
chromosome of Amblystoma tigrinum, with the position of the nucleolus orga-
nizer constriction in somatic chromosome complements of this organism, and
demonstrated their correspondence. He thereby established that the hundreds of
unattached nucleoli in amphibian germinal vesicle nuclei really are homologous
to the nucleoli of somatic cells, which up until this time had been merely an as-
sumption.

Gall confirmed Dodson’s observation that the lateral loops and nucleoli (but
not the “knobs’) contain RNA. He also tested the reactions of unfixed chromo-
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somes to digestion with trypsin and pepsin. Unlike Dodson, who had worked
throughout with paraffin wax sections of oocytes, he found that trypsin, although
it rapidly dissolves the lateral loops and causes the chromomeres to coalesce and
lose optical contrast, does not destroy the linear integrity of lampbrush chromo-
somes. A few years later the full significance of this important observation was
to become apparent.

Beginning their observations in 1949, Guyénot and Danon in Geneva carried
out a parallel cytological study of oogenesis in Triturus cristatus and Rana tem-
poraria, and published a long paper in 1953. Their work is not easy to evaluate,
partly because several of the objects which they described from stained sections
are certainly misidentified. Thus, for example, their «macronucléoles» and «fila-
ments nucléoplasmiques» are particularly large and peculiar lateral loops that are
characteristic of T.cristatus chromosomes. Guyénot and Danon’s theory con-
cerning the origin and development of lateral loops is bizarre; these are said to
grow out from the chromosome axis as long bristles (“poils”), which are split
lengthwise into two except where they are inserted into the chromosome axis (and
presumably also at their distal extremities) thereby forming loops (“boucles”).
They assert that the DNA content of the lampbrush chromosomes is minimal
when oocytes are growing most rapidly, when the lateral loops are maximally ex-
tended, and that the chromosomes reacquire a coating of DNA as maturity ap-
proaches; this is a revival of the nucleic acid charging hypothesis of Darlington.
Their paper could be largely disregarded were it not for an observation made in
phase contrast of lampbrush chromosomes isolated in «eau salée acétifiée» (to en-
hance contrast). They noted «... la fissuration du chromosome en deux chromati-
des, dont les grains sombres (chromioles) se correspondent deux a deux. C’est sur
ces chromioles jumelés que sont insérés les poils et boucles qui sont disposés par
pairs». This is the first mention in the literature of lateral loops occurring in
pairs.

My own first studies of lampbrush chromosomes with the light microscope,
using Gall’s observation chamber and an inverted microscope, began in 1950. 1
started to work with oocytes of Triturus vulgaris, T. helveticus and T. marmoratus,
and published a preliminary review of this work in 1955. An early and provoca-
tive observation was that if a freshly isolated lampbrush chromosome is stretched
with a micromanipulator, not only does extension primarily occur in regions be-
tween chromomeres, without affecting the close juxtaposition of individual loops’
two insertions in the chromosome axis (thus confirming Duryee’s earlier observa-
tion), but further, occasional chromomeres split transversely when under tension;
when they break in this way, the gap in the chromosome’s axis is invariably span-
ned by a pair of lateral loops (Fig. 7). It later transpired that such “double-loop
bridges” may be generated accidentally during the isolation of a germinal vesicle
and the removal of its nuclear membrane (Fig. 8 a), more frequently in some newt
species than in others. Still later I found that one particular pair of loops (the “gi-
ant fusing loops™) on the smallest chromosome of Triturus cristatus cristatus
often occur in double-bridge form, i.e. with their axial insertions separate from
one another, in the natural state (Fig.8b).

The fact that mechanically produced or natural loop bridges occur at all, and
are double, and that particularly large and easily recognizable loops on the smal-
lest chromosome of T. marmoratus are always present in pairs (Fig. 8 ¢), prompted
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Fig.7. Diagrams to iltustrate what occurs when part of a lampbrush chromosome is stretched
and a chromomere cleaves transversely, so producing a “double-loop bridge”. (Callan 1963)

the speculation that there is a general duality of lateral loops (Fig.9), indicating
that each lampbrush chromosome consists of two chromatids, that each loop con-
tains a fibrillar “core” running throughout its length and that these loop cores are
reflected extended portions of the chromatids’ axis, each being surrounded, asym-
metrically, by the accumulated products of synthesis. This view was reinforced by
the observation that along the smallest chromosome of T. marmoratus there are
two short regions, one near the middle and the other at one end, where the chro-

»
»

Fig. 8 a—. Phase contrast micrographs. a Double bridge accidentally produced by a pair of lamp-

brush loops of Triturus cristatus carnifex. Bar=20 pm. b Naturally occurring double bridge

formed by the pair of giant fusing loops on chromosome XII of T.c. cristatus. Bar=20 pm. ¢

Bivalent XII of T.marmoratus dispersed in dilute saline; arrows point to the two homologous

pairs of giant fusing loops which have unravelled from their naturally compact state, while ar-

rowheads point to the double axis regions. Bar=>50 pm. (a, From Callan unpublished; b, Callan
and Lloyd 1960; ¢, Callan 1955)
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Fig.9. Some characteristic types of newt lampbrush loops and the chromomeres with which they
are associated. (Callan 1955)

mosome axis in its entirety is double (Fig. 8c), with matching pairs of chromo-
meres on each axis, and each axis generating single loop bridges when mechani-
cally broken. Thus, the relationship between lateral loops and the chromosome
axis was put in rather a new light, betwixt and between the Duryee and Ris inter-
pretations. Chromomeres are a reality, but the lateral loops are not simply “gene
products” periodically shed from chromomeres, nor are they merely portions of
a continuous chromonema; instead, embedded within each lateral loop, is a por-
tion of the chromonema.

The interpretation of the organization of lampbrush chromosomes was dis-
cussed by Gall in 1955, and within a year the existence of a loop axis, resistant
to digestion with pepsin and in this respect unlike the bulky surrounding material,
had been demonstrated by electron microscopy (Gall 1956). For this paper Gall
drew a diagram showing the structure postulated, which is reproduced here in
Fig.10. At the close of his 1956 paper Gall calculated the total length of DNA
present in a lampbrush chromosome complement having the 4C weight of DNA,
and from this concluded that a single averaged chromatid of Notophthalmus
viridescens contains about 90 cm DNA. He also computed to a first approxima-
tion the total length of the lateral loops associated with such a lampbrush chro-
matid as 5 cm. He then went on to consider the possibility that if DNA is found
uniformly throughout the chromatid (i.e. in the interchromomeric fibril and in the
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Fig. 10. The organization of a chromomere and of its suggested relationship to a pair of lateral
loops. (Gall 1956)

loop axis as well as in chromomeres) then one can predict an upper limit to the
number of DNA strands per chromatid (18) and the further likelihood, because
of the known compaction of DNA in chromomeres, that the number of strands
per chromatid may be considerably less than this figure, perhaps only one. So far
as I am aware, this was the first tentative step towards the proposition of unin-
emy. In the face of Gall’s evidence for the existence of a single loop axis distinct
from the surrounding products of synthesis, Lafontaine and Ris (1958) continued
to assert, on the basis of EM studies of whole mounts and sections of lampbrush
chromosomes, that each loop is in its entirety a portion of a continuous chro-
monema, and that it consists of bundles of microfibrils about 20 nm wide. These
microfibrils we can now recognize as the RNP transcripts visible in Miller spreads
of lampbrush chromosomes.

By 1955 I had decided to concentrate my attention on lampbrush chromo-
somes of newts of the multiracial species Triturus cristatus, and for three reasons.
One of these was that there is a remarkable wealth of morphological diversity
amongst the objects, loops and other structures, projecting laterally from the
chromosomes of these animals; this permits the rapid and precise identification
of particular chromosome regions (Callan and Lloyd 1960). A second reason lay
in the fact that one of the races of T cristatus, the Italian T. c. carnifex, is easy to
maintain and breed in the laboratory, there being no obligatory terrestrial stage
in its life history, and both sexes coming repeatedly into annual cycles of repro-
ductive activity without any special treatment; the males of many other species
of newt, including the American N. viridescens and the British race of T. cristatus,
T.c. cristatus, are recalcitrant in this regard. The third reason was that I was al-
ready familiar with the male meiosis of four of the races of T. cristatus, and of sev-
eral of its interracial hybrids, F, and others (Callan and Spurway 1951). I had
many interracial hybrids still alive in the laboratory and I hoped by studying fe-
male interracial hybrids to find evidence for the Mendelian inheritance of “pheno-
typic” chromosomal characters, i.e. lateral loop morphologies, differentiating the
races from one another.

The construction and examination of interracial hybrids in order to demon-
strate the Mendelian inheritance of lateral loop characters later proved to be, at
least in part, unnecessary; indeed, already in 1956 Callan and Lloyd published a
preliminary note in which it was shown that individual females of 7. c. carnifex
may differ from one another with respect to the morphologies of loops at specific
chromosomal loci, including spectacular heterozygosities that are consistent in all
the oocytes of certain individuals, therefore providing strong presumptive evi-
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dence that loop morphologies are directly determined by “local™ genetic consti-
tution.

For a short period in 1956 I turned my attention to the possibility of studying
the oocyte chromosomes of other organisms, particularly invertebrates, by the
techniques already applied to newts, and found (Callan 1957) that there are gen-
uine lampbrush chromosomes, as defined by the criteria that the chromosomes
bear lateral loops, and that axial breaks are regularly spanned by double-loop
bridges, in the cephalopod mollusc Sepia and the isopod crustacean Anilocra.
These findings, and a perusal of the already voluminous literature on oogenesis,
prompted the speculation that all animal oocytes may contain lampbrush chro-
mosomes at some stage during oogenesis. Speculative generalizations are often
unwise, and this one was no exception. If I had read more carefully Loyez’s 1906
paper on the development of oocytes that store a large quantity of yolk, I would
have learned that in the oocytes of some snakes and lizards the chromosomes are
compact and metabolically inert throughout oogenesis, their original synthetic
roles having been taken over by special nurse cells. A similar state of affairs occurs
in many insects, notably the Diptera (Bier 1963 a, b) and including Drosophila
(King and Burnett 1959; Sirlin and Jacob 1960; Mahowald and Tiefert 1970), but
whereas the nurse cells of reptiles are somatic in origin, those of insects are cells
from the germ line deflected so as to fulfil a supportive function. In the oocytes
of mammals too it now appears unlikely, despite the claim made by Baker and
Franchi (1967 a, b), that the chromosomes take on a lampbrush form at any stage
of oogenesis. However, an historical perspective would be seriously distorted if
I were to pursue this topic here; it is discussed, with the associated problem of how
to define a lampbrush chromosome, in Callan (1986). ‘

Returning to newts in 1957, the possibility presented itself that, by applying
enzymes directly to unfixed lampbrush chromosomes floating freely in saline, the
resolution of an urgent and contentious problem of the time might be in sight:
how is DNA distributed along the length of a chromosome, is it interrupted, and
if so, what material maintains a chromosome’s linear integrity? The great advan-
tage of this experimental system lay in the fact that isolated lampbrush chromo-
somes surrounded by saline are in violent Brownian movement, yet they remain
coherent entities; any disruption of their linear integrity at once becomes manifest
because portions then move independently and drift apart.

Macgregor and I applied the enzymes trypsin, pepsin, ribonuclease and
deoxyribonuclease to freshly isolated lampbrush chromosomes (Fig.11). We
found that: “Pepsin, trypsin and ribonuclease all bring about the solution of loop
matrix materials, together with certain other structures attached laterally to the
axes of the chromosomes, but these enzymes do not destroy the linear integrity
of the chromosomes. The action of deoxyribonuclease, however, is dramatically
different. The submicroscopic fibrils connecting adjacent chromomeres snap, and
the lateral loops fragment into smaller and smaller pieces, each piece however
conserving for a time at least the finescale morphological peculiarities of the loop
from which it originated. A drastic disruption of the chromosomes is already vis-
ible within a few minutes of the beginning of enzyme treatment, and in half an
hour Brownian movement has so scattered the fragments that no recognizable
trace of the original forms of the chromosomes remains. In our experience no
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Fig.11a-d. Phase contrast micrographs. a The middle region of lampbrush bivalent II of

T. c. carnifex; arrows point to the centromeres; the bulky refractile objects are lumpy loops, reg-

ular features near the centromeres of chromosome II. Bar =20 um. b As a, but after 40 min di-

gestion with trypsin at pH 7.8. ¢ Bivalent X of T. c. carnifex, entire. Bar =50 pm. d, As ¢, but after
3 min digestion with pancreatic DNase at pH 6.3. (Macgregor and Callan 1962)
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other chemical agent has been found capable of breaking lampbrush chromo-
somes in this fashion, and the conclusion is inescapable that deoxyribonucleic
acid runs throughout the lengths of lampbrush chromosomes, including the axes
of their lateral loops” (Callan and Macgregor 1958; Macgregor and Callan
1962).

Following up these observations Gall (1963) studied the kinetics of breakage
of unfixed lampbrush chromosomes when digested by pancreatic DNase 1. This
enzyme was already known to attack the two polynucleotide chains of DNA in
solution independently and at random, and that scission of the double helical
molecule occurs only when breaks in the two chains occur within a few nucleotide
pairs of each other; thus breaks in DNA in solution accumulate as a function of
time raised to the power 2. Gall found that breaks of single loops (the giant loops
near the centromeres of Notophthalmus viridescens were chosen because of their
considerable lengths) accumulated as a function of time raised to the power
2.6+0.2. Breaks of interchromomeric main axes accumulated as a function of
time raised to the power 4.8+ 0.4. Under the conditions of Gall’s experiments,
and bearing in mind that DNA is associated with histones in lampbrush chromo-
somes, both these figures are likely to be overestimates. Gall concluded that the
simplest model consistent with his results is that a chromatid, as seen in single
lampbrush loops, contains one DNA double helix, and that the interchromomeric
strand in a lampbrush chromosome contains two running side by side. These con-
clusions have now been substantiated by experiments of other kinds, and the un-
ineme nature of chromatids generally thereby established.

I have chosen to terminate my historical survey when studies on lampbrush
chromosomes had reached this stage. Other speakers will handle the many more
recent lampbrush discoveries, such as the Y-loop story in Drosophila begun by
Meyer et al. (1961), the nature of transcription complexes begun by Miller and
Beatty (1969a, b), the study of nucleic acid sequences that are transcribed into
RNA by in situ hybridization begun by Pukkila (1975) and the immunolocal-
ization of proteins associated with transcription begun by Sommerville (1973). In
all these fields advantage has been taken of the “magnification factor” provided
by lampbrush chromosomes, the many transcription units with closely packed
transcripts, which is their most distinctive feature. Whether transcription and its
control in oocytes differs in scale only from what habitually occurs in ordinary
somatic cell nuclei remains to be demonstrated, but my guess is that it will be. If
so, lampbrush chromosomes will continue to be “in fashion” for a good many
more years.
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Polytene Chromosomes

G. KORGE!

1 Introduction

The chromosomal nature of the ,, Kernschleifen“ in Diptera had been estab-
lished in the 1930’s (Heitz and Bauer 1933; Painter 1933, 1934; King and Beams
1934; Koltzoff 1934). During the subsequent 10 years these giant chromosomes
or polytene chromosomes were intensively used to answer classical cytogenetic
and genetic questions. At the beginning of the 1950’s, a new era of polytene chro-
mosome research was inaugurated by W. Beermann’s fundamental work on chro-
mosome structure and function (Bauer and Beermann 1952; Beermann 1950,
1952a, b, 1955). A tremendous number of publications appeared during the fol-
lowing decades, dealing with various aspects of polytene chromosomes in differ-
ent tissues of different organisms (Beermann 1962, 1972 a; Ashburner 1970; Crick
1971; Lefevre 1974 a, b; Sorsa 1974a, b, 1976; Zhimulev 1975a; Ashburner and
Berendes 1978; Spradling and Rubin 1981; Zhimulev et al. 1983; Eissenberg et al.
1985; Lefevre and Watkins 1986).

Polytene chromosomes are used as a handy model for studying structural and
functional organization of eukaryote chromosomes. Great efforts have been
made to understand chromomere organization, correspondence between genes
and chromomeres, chromosome replication, and transcription-related chromatin
decondensation or puffing (Beermann 1972 b). New molecular techniques of gene
analysis and in situ hybridization offer new ways of experimental approach. Most
of the work reviewed in the following has been carried out on polytene chromo-
somes of Diptera and the discussion is focused on three topics:

1. Structure of polytene chromosomes.
2. Gene organization in polytene chromosomes.
3. Gene activation-related chromosome puffing.

2 Structure of Polytene Chromosomes

2.1 Disproportionate Replication
Polytene chromosomes are known to exist in nuclei as different as the macro-
nucleus anlagen of ciliated protozoa (Ammermann 1964; Ammermann et al.
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1974) or from suspensor cells of plant seeds, particularly of beans (Nagl 1962,
1974, 1981; Tschermak-Woess 1963), salivary gland cells of Collembola (Prabhoo
1961; Cassagnau 1971, 1976; Deharveng 1982), and different tissues of Diptera
(Beermann 1962). Although originating from taxonomically very different organ-
isms, they show the same characteristic features in general: they are cable-like
chromatin structures of varying diameter, exhibiting specific cross-striping pat-
terns produced by compact bands of highly condensed DNA (chromomeres)
which are separated by light regions of low DNA content (interchromomeres).
Polytene chromosomes arise, according to the “polyteny hypothesis” (Heitz
and Bauer 1933; Painter 1933; Koltzoff 1934) by repeated cycles of endoreplica-
tion of the chromatids, during which, in Diptera, the homologs remain in close
contact by somatic pairing. Analysis of DNA replication and determination of
DNA content of nuclei using autoradiographic and cytophotometric methods
(Kurnick and Herskowitz 1952; Swift and Rasch 1954; Welch 1956; Swift 1962;
Rodman 1967; Rudkin 1972; Hartmann-Goldstein and Goldstein 1979) have
shown that the euchromatic parts of the chromatids replicate synchronously,
causing geometric doublings of the DNA content, and finally reach levels of poly-
teny ranging from 1024 in D.melanogaster salivary glands through 8192 in sus-
pensor cell nuclei of beans (Nagl 1974, 1981) to 16,384 in Chironomus or even
32,768 in Rhynchosciara (Beermann 1962). These values are only correct under
the assumption that all euchromatic DNA sequences are equally replicated.
That not all chromosome segments polytenize to the same extent had already
been known since the rediscovery of giant chromosomes during the 1930’s (Bauer
1935; Heitz 1933, 1934; ‘Hinton 1942). Thus, for instance, in Drosophila melano-
gaster only euchromatic parts of the X chromosomes and some segments of het-
erochromatin seem to polytenize. It has also been shown by cytogenetic, cyto-
photometric and autoradiographic studies that heterochromatin remains at a 4C
level or undergoes only a few replication cycles (Rudkin and Schultz 1961; Keyl
and Pelling 1963; Rudkin 1969; Berendes and Keyl 1967; Mulder et al. 1968).
Underreplication is demonstrated most strikingly in the case of the Y chromo-
some in Drosophila melanogaster. In diploid cells the Y chromosome is het-
erochromatic and approximately of the same size as the X chromosome (Fig. 1).
In nuclei of larval salivary glands, however, it is completely undetectable and is
hidden in the chromocenter, which also contains the heterochromatic centromeric
regions of the other chromosomes (Fig.1). Out of the great number of other
known conspicuous differences in the properties of chromosomes between diploid
cells and polytene chromosomes (Beermann 1962), the absence of chromosome
arms (Zacharias 1979) or even the absence of entire chromosomes in the polytene
chromosome complement (Southern et al. 1973) can only be mentioned here.
Investigations of DNA sequences by density gradient centrifugation, filter
and in situ hybridization, and renaturation kinetics have shown that highly repeti-
tive DNA sequences, the vast majority of which constitutes heterochromatin, are
excluded from polytenization (Rudkin 1969; Hennig et al. 1970; Jones and
Robertson 1970; Rae 1970; Botchan et al. 1971; Gall et al. 1971; Dickson et al.
1971; Hennig 1972; Peacock et al. 1978; Redfern 1981 a). Gall and coworkers pre-
sented evidence that only centromeric a-heterochromatin does not replicate dur-
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Fig. 1. Salivary gland chromosomes from a male larva of Drosophila melanogaster wild type. The

chromosomes are indicated. The Y chromosome is hidden in the chromocenter, Ch. Insert the

metaphase chromosomes from the ganglion of a male larva, same magnification. X and Y chro-
mosomes are marked. The Y chromosome is heterochromatic. Phase contrast

ing polytenization, but that some or all of the repetitive sequences in the f-hetero-
chromatin replicate like euchromatin (Gall et al. 1971).

In addition to the centromeric regions, also telomeres contain heterochroma-
tin consisting of complex sets of repeated sequences (Rubin 1978; Young et al.
1983; Renkawitz-Pohl and Bialojan 1984). Some but not all of the members of
these sets are underreplicated during polytenization in Drosophila melanogaster
(Young et al. 1983).

In Drosophila melanogaster the genes for ribosomal 18S and 285 RNA’s are
located in the heterochromatic part of the X chromosome and in the short arm
of the Y chromosome (Pardue et al. 1970). The replication of these genes seems
to be more complicated than that of highly repetitive simple sequences of the het-
erochromatic regions. The rRNA genes are clustered at two loci, each of which
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contains 200-250 copies of the tandemly repeated genes. From comparison of
gene copy numbers from diploid cells and polytene chromosomes the following
picture emerges:

1. The genes for 18S and 28S rRNA are underreplicated in polytene chromo-
somes compared to the bulk of the euchromatic DNA. While euchromatic se-
quences complete nine replication cycles, TRNA genes complete only seven, which
causes a reduction to 30% of the amount expected in the case of normal polyten-
ization (Hennig and Meer 1971; Spear and Gall 1973; Spear 1974; Lifschytz
1983).

2. The rDNA of only one of the two X chromosomes in females and only that
of the X chromosome in males was found to polytenize (Endow and Glover 1979;
Endow 1980). These data were obtained by using Drosophila strains carrying
rDNA clusters with different spacers. Since rDNA clusters of Drosophila gener-
ally are heterogenous, the origin from one or the other homolog of an amplified
sequence can hardly be recognized. Therefore, those results may have been over-
interpreted by the authors. Further experiments are needed to answer the ques-
tion whether rDNA genes of only one X chromosome are amplified, and if so,
whether rDNA sequences of only the maternal or of the paternal X chromosome
are involved in amplification.

3. Some gene families of the rTDNA clusters seem to be favored for replication
and others undergo no or only a few replication cycles (Endow and Glover
1979).

How the replication of rDNA during polytenization is regulated specifically
is so far unknown. Its obvious consequence is a more or less constant number of
rRNA genes in polytenized chromosomes independent of the number of nucleo-
lus organizers in the diploid genome. Underreplication of IDNA during polyten-
ization could be caused by surrounding heterochromatin. Selective amplification
of specific rDNA families, on the other hand, requires specific regulation.

The genes for rRNA in Chironomus tentans are located in the euchromatic re-
gion of chromosome 2 and are proportionately represented in relation to the bulk
of the genome (Hollenberg 1976). Therefore, Hollenberg (1976) suggested that
the polytene chromosomes of salivary glands in Chironomus are formed by an
equal number of replications of the entire genome.

From cytodensitometrical (Rudkin et al. 1956) and biochemical data, Beer-
mann (1972b) estimated the average DNA content of individual chromomeres in
polytene chromosome bands of D.melanogaster to be 30,000 base pairs (30 kilo
bases, 30 kb) ranging from less than 5 kb to about 100 kb, and to be 2 kb in in-
terchromomeres (interbands). The calculation of the values is based on the hy-
pothetical chromosome model of continuous DNA fibers running along the chro-
mosome. Values obtained from densitometric measurements of the total DNA
mass of individual band-interband units (Rudkin et al. 1956; Rudkin 1969) were
related to single chromomeres and interchromomeres on the assumption that all
DNA fibers are completely and synchronously polytenized. An alternative chro-
mosome model of disproportionate replication was created on the basis of DNA
values obtained for bands and interbands by dry-mass determinations (Laird
1980) and of electron micrographed thin sections of whole-mounted polytene
chromosomes (Sorsa 1974 b). The authors state that in large chromosome bands
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there is a significantly higher level of polyteny than in small bands or inter-
bands.

More precise analyses are now possible by testing restriction fragments of
cloned DNA in Southern blots comparing DNA’s from tissues of diploid and of
polytene genomes. Equal amounts of genomic DNA’s digested by restriction en-
donucleases are loaded on gels. After gel electrophoresis and Southern transfer
to nitrocellulose filters, defined labeled DNA fragments are hybridized to the
filter-bound DNA.. Identical intensities of hybridization signals are interpreted as
identical representation of the DNA sequences in the genomes. In addition to the
variations of hybridization and densitometry, the most critical point of the pro-
cedure seems to be the exact determination of quantities of DNA’s which have
different qualities. Nevertheless, it should be possible to recognize a twofold dif-
ference in the quantities of DNA sequences. This method opens the way for pre-
cise molecular analyses of continuous long DNA sequences covering more than
one chromosome band. Using this technique, Lifschytz (1983) and A. Spierer and
P. Spierer (1984) analyzed the representation of various DNA fragments in poly-
tene chromosomes of Drosophila melanogaster. In addition to the DNA sequences
of heterochromatic regions a significant underreplication of DNA of the histone
gene complex (Lifschytz 1983) and of the bithorax locus (Spierer 1984) was found
in polytene chromosomes, but no significant differences in the level of polyteny
were observed for 11 unique sequences and 3 multisite moderate repetitive DNA
sequences (Lifschytz 1983), as well as for DNA which spans 315 kb of genomic
DNA of the rosy locus (Bender et al. 1983 a; Spierer 1984; Spierer and Spierer
1984). In the latter experiments A. Spierer and P. Spierer (1984) tested the hybrid-
ization efficiencies of 84 restriction fragments (each about 2 kb long) covering the
chromosome region 87D5/6 to 87E5/6 (Fig.2) which contains 15 chromosome
bands. Very faint bands were found to contain about 3 kb, faint bands 7 kb and
the largest band 87E1/2, a doublet according to Bridges’ map (1941), 160 kb of
the 315 kb DNA tested (Bender et al. 1983 a; Spierer 1984). These values agree
well with those measured and estimated by Rudkin et al. (1956) and Beermann
(1972b). As was expected from the polytene chromosome model (Beermann
1972b; DuPraw and Rae 1966), all fragments showed identical hybridization ef-
ficiencies signifying equal levels of polyteny in interbands, faint bands, and even
in the center of the largest band 87E1/2. Different amounts of DNA in interbands
and bands in the rosy locus, therefore, must result from corresponding differences
of DNA packing ratios which were estimated at 23 for very faint bands and at
about 180 for the heavy band (Bender et al. 1983 a; Spierer 1984). These results
strictly contradict those of dry mass determinations of whole-mounted polytene
chromosomes (Laird 1980) and of electron micrographs of thin sections of poly-
tene chromosomes (Sorsa 1974 b). It seems likely that this contradiction is not due
to different chromosome regions analyzed in the different tests, but rather seems
to reflect techniqual problems in dry mass determination and electron micro-
graph methods and/or interpretation of the data. Nevertheless, to prove different
levels of polyteny within different bands, more detailed molecular analyses are
needed to measure the abundance of specific DNA sequences covering more than
one band. The hybridization experiments using cloned DNA allow direct testing
of the abundance of each DNA fragment in the polytene chromosome, but one
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Fig. 2. Weak points in the polytene chromosomes 2L and 3R of D. melanogaster indicating under-

replication. 39E1/2, the locus of histone gene clusters. 89E1/2, the locus of the bithorax gene com-

plex. 87D5-ES5, the rosy region which has been analyzed by Southern blotting, details see text.
Phase contrast
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should keep in mind that molecular analyses, compared to cytological observa-
tions, have the disadvantage of yielding mean values only and that the situation
in various individual nuclei can be rather different. A detailed analysis of the same
chromosome segments using both principally different techniques might help to
clarify real situations.

Spierer’s (1984) data for the rosy region indicate that for the majority of
euchromatin Beermann’s (1972b) model of polytene chromosomes can be ac-
cepted; however, disproportionate replication during polytenization seems to oc-
cur in euchromatic regions as well as in heterochromatin. Up to now the question
for the reasons of underreplication cannot be answered, but it seems to be that
underreplicated sequences either are constituents of heterochromatin or are lo-
cated within or adjacent to heterochromatic sequences. This is obviously also rel-
evant for the histone gene complex and for DNA of the bithorax locus. Both were
found to lie in chromosomal weak point loci. The histone genes lie at the basis
of chromosome arm 2 L in the region 39D3 through 39E1/2 (Pardue et al. 1977)
close to the chromocenter (Fig. 2 a). This locus very often shows ectopic pairing.
The gene complex of bithorax is located in 89E1/2 of chromosome arm 3 R
(Fig.2b) (Lewis 1978; Spierer 1984; Spierer and Spierer 1984; Bender et al.
1983 b).

As has been shown by Arcos-Teran and Beermann (1968; Arcos-Teran 1972),
DNA of weak point loci in the X chromosome of Drosophila melanogaster exhibit
late replication. This and ectopic pairing (Hennig et al. 1970; Ananiev et al. 1978)
are characteristic properties of heterochromatin. Although heterochromatic se-
quences have not been demonstrated so far, at the histone and bithorax loci they
may exist and cause underreplication of the neighboring sequences.

In some cases euchromatic regions which in chromosome rearrangements are
translocated to chromocentric heterochromatin were reported to be underrepli-
cated (Hartmann-Goldstein 1967; Ananiev and Gvozdev 1974; Hartmann-Gold-
stein and Cowell 1976; Cowell and Hartmann-Goldstein 1980), whereas in an-
other case the heat shock gene locus 87C was found to be normally present even
in the case of gene inactivation caused by position-effect variegation (Henikoff
1981). The techniques used in those experiments — microdensitometrical measur-
ing of Feulgen-DNA content or silver grain counting in autoradiographs after
3H-thymidin incorporation or in situ hybridization with labeled DNA, respec-
tively — might not be sensitive enough to show slight alterations in replication
levels.

In the translocation T(1;4)w™m23%-11 (Cowell and Hartmann-Goldstein 1980)
the translocated chromosome carries the gene Sgs-4, i.e., the gene for larval secre-
tion protein 4 (Korge 1975), which is now juxtaposed to heterochromatin. Using
cloned Sgs-4 DNA for Southern blot analyses, the gene in the translocation poly-
tene chromosome was found to be increasingly underreplicated, the lower the
breeding temperature was (Kornher and Kauffman 1986). Underreplication was
correlated with decreased gene expression and therefore seems to be the reason
for position effect variegation, at least in this case.

So far, the replication behavior of chromosomal regions along the longitudi-
nal chromosome axis has been investigated in complete polytene chromosomes
or in chromosome rearrangements. To answer the question whether there exist
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Fig. 3. Autoradiography of salivary gland chromosomes from the transformant K24-1 (Krumm

et al. 1985) after in situ hybridization with *H-labeled Sgs-4 DNA. 3C, the locus of the endog-

enous Sgs-4 gene of the recipient strain. 85B, the integration locus of the transposed Sgs-4 gene.

Giemsa staining. DNA analysis by Southern blotting revealed identical polytenization levels for
both genes

specific DNA sequences responsible for specific polytenization levels, defined
DNA fragments should be tested with respect to their capability in regulating rep-
lication.

To identify such “replication-controlling elements” it is now possible to test
normal and underreplicated DNA sequences by transposition with the help of the
excellent P-element-mediated transformation system established by Allan Sprad-
ling and Gerald Rubin (Spradling and Rubin 1982; Rubin and Spradling 1982).
In our laboratory we started to find out whether transposed Sgs-4 genes replicate
in transformed larvae as they do at their original locus, or whether they acquire
the replicative properties of the chromosomal region into which they are inserted
(Fig. 3). To avoid the methodical difficulties of determinations of DNA amounts
mentioned above, we compared DNA fragments of transposed genes directly to
different-sized fragments of endogenous genes in the same lane of Southern blots.
Similar techniques were used in a recently published work (Kornher and Kauff-
man 1986). First results from transpositions into euchromatic regions indicate
normal replication of the integrated Sgs-4 fragment (Krumm et al. 1985). It will
be interesting to test fragments which are integrated close to or into weak point
loci, to see whether they acquire new replicative properties and therefore under-
replicate.
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The existence of replication-controlling elements is demanded, since DNA
puffs in salivary glands of Rhynchosciara (Breuer and Pavan 1955) and Sciara
(Gabrusewycz-Garcia 1964, 1971; Crouse and Keyl 1968) are known and DNA
amplification in these puffs has been proven (Glover et al. 1982). Replication-
controlling elements are now most clearly identified for chorion protein genes of
D.melanogaster. Two clusters of these genes and their flanking sequences
undergo differential amplification in the ovarian follicle cells (Spradling and Ma-
howald 1980; Spradling 1981) even in cases of transposition of DNA fragments
containing the “amplification-controlling element”, which is only 300 base pairs
long in the case of the gene cluster in chromosome 3 (De Cicco and Spradling
1984; Levine and Spradling 1985), but amplification is reduced or fails completely
in the inversion mutant ocelliless which has the breakpoint near the gene cluster
(Spradling and Mahowald 1981).

2.2 Constancy of Banding Patterns

Polytene chromosomes exhibit species-specific banding patterns. Beermann
(1952 a, 1955, 1962, 1972 b) discussed in detail all facts known at that time con-
cerning “constancy of banding patterns” and tissue-specific variations. Apparent
differences in banding of chromosomes from different tissues, like presence or ab-
sence of faint bands, singlet-doublet differences, differential spacing and tissue-
specific changes in staining intensity of bands and interbands could be interpreted
as being caused by functional modifications or changes in DNA contents or pack-
ing. Beermann stated that none of the limited data available at that time on band-
ing differences were in conflict with his important generalization: “The number
and sequence of bands and interbands are constant in all tested somatic tissues”
(Beermann 1972 b). This statement was well founded upon Beermann’s own work
on polytene chromosomes from different tissues of Chironomus (Beermann
1952a, b), and, with the acceptance of local variations (Beermann 1972b), still
holds true although differences were observed between chromosomes from sali-
vary glands and from Malpighian tubules in Drosophila hydei (Berendes 1966)
and between chromosomes from salivary glands and fat body of D. melanogaster
(Richards 1980).

A striking similarity in banding patterns also exists in polytene chromosomes
from tissues as different as larval salivary glands and adult ovarian nurse cells of
Anopheles (Coluzzi et al. 1970; Redfern 1981 b; Mahmood and Sakai 1985) or lar-
val salivary glands and pseudo nurse cells (PNC) in the female sterile mutant
Jf$231 of D.melanogaster (King 1970; King et al. 1981). Ovary nurse cells in Ano-
pheles normally have well-structured polytene chromosomes, in Drosophila wild
types, however, only oligotene chromatid bundles appear, which later during oo-
genesis separate, forming a reticular network of about 1024 chromatids (King
1970). In the female sterile mutant f5231, 10 to 12 cycles of DNA replications are
performed. Therefore, the amount of DNA in PNC often is equal to or greater
than that in wild-type nurse cells or in salivary gland cells (King et al. 1981).

Ovary nurse cells of Calliphora polyploidize similarly to those of Drosophila
wild types, but in some inbred lines and under artificial breeding conditions well-



36 G. Korge

Fig. 4. Polytene chromosome 4 experimentally induced in nurse cells (a) and the homolog from

pupal bristle forming cells (b) of Calliphora erythrocephala. (Ribbert 1979). The experimentally

induced polytene chromosome shows uniform width and has no constrictions, unlike the homol-
ogous chromosome from bristle-forming cells
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structured polytene chromosomes of 25-27 polyteny values arise (Fig.4; Bier
1957, 1960; Ribbert 1979). Comparing polytene chromosomes of trichogen-form-
ing cells (TC) (Ribbert 1967) with those induced in ovary nurse cells (NC) Ribbert
(1979) made a surprising discovery: “while both chromosome complements ex-
hibit a constant banding pattern, it is not possible to homologize the two tissue-
specific patterns by identifying homologous band-sequences” (Fig.4). Although
it was not difficult to homologize polytene chromosomes from Calliphora foot-
pad with those of Calliphora and Lucilia TC, “any attempt at homologizing chro-
mosomes of NC and TC within the same species fails completely” (Ribbert 1979).
The most striking differences between both types of chromosome are: the number
of bands in TC chromosomes exceeds that of NC by a factor 1.7, and the char-
acteristic properties “weak points”, “constrictions” and “sites of ectopic pairing”,
which are typical for TC chromosomes and indicate underreplication, are totally
absent in NC polytene chromosomes (Fig. 4). Since ovary nurse cells are germ line
cells, the patterns and intensity of gene activity should very much differ from that
of somatic cells. Puffing in NC chromosomes really was found “to be unusual in
its extent as well as that it remains constant during long periods of oogenesis” and
in this behavior NC polytene chromosomes resemble lampbrush chromosomes.

In a recent study of satellite DNA, Ribbert and Dover (in prep.) demonstrated
by analytical centrifugation experiments that DNA from polyploid ovarian nurse
cell nuclei (NC) of Calliphora, both with reticular chromatin arrangement and ex-
perimentally induced polytene chromosomes, shows the same satellite pattern as
DNA from diploid genomes, and that certain satellites in somatic polytene chro-
mosomes are underreplicated. The results strongly support the assumption that
“weak points” in the somatic polytene chromosomes (TC) contain underrepli-
cated repetitive DNA sequences which in ovary nurse cells are proportionately
replicated, producing chromosomes of uniform diameter and lacking “constric-
tions”, “weak points” and “sites of ectopic pairing”. Proportional replication of
highly repetitive DNA sequences (constituents of heterochromatin) and an alto-
gether intensive transcriptional activity of genes in NC might explain some of the
conspicuous morphological differences between NC and TC polytene chromo-
somes. The NC polytene chromosomes demonstrate that underreplication of het-
erochromatin is not an obligatory consequence of polytenization but is specific
to the situation in endomitotic active nuclei of somatic tissues. Nevertheless,
underreplication of satellite DNA does not include all satellite fractions of all spe-
cies. So, for instance, AT-rich satellite DNAs of some Chironomids and in
euchromatin of the Drosophila virilis group (Cohen and Bowman 1979) replicate
during polytenization to the same extent as euchromatin (Walter 1973; Steine-
mann 1978; Schmidt 1980).

3 Gene Organization in Polytene Chromosomes

Constancy of banding patterns in polytene chromosomes stands for con-
stancy in DNA packing and is variegated, as was shown above, by differential
replication or modified by differential gene activation. Since polytene chromo-
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somes have been known to be chromosomes, the question has arisen as to what
the relationship between bands/interbands (chromomeres/interchromomeres) on
the one hand and genetical units on the other hand might be. The species speci-
ficity of banding patterns and peculiar similarities of chromosome features be-
tween related species was a temptation to strictly correlate chromomere/inter-
chromomere units to genetic units. Beermann (1972b) presented a detailed anal-
ysis of the problems concerning correlations between genes and chromomeres,
and since that time some further reviews dealing with the same subject have been
published (Lefevre 1974 a, b; Sorsa 1974a, b, 1976; Zhimulev 1975 a; Laird 1980;
Lewin 1980; Zhimulev et al. 1983; Lefevre and Watkins 1986). The general ques-
tions to which an answer was sought are: (1) How many bands exist in polytene
chromosomes or in defined chromosome divisions? (2) How many complementa-
tion groups or genes are located within an exactly determined number of band/
interband units?

New techniques in electron microscope analyses of surface spread polytene
chromosomes (Kalisch 1982; Kalisch et al. 1986) and of thin sections from whole-
mounted chromosomes (Berendes 1970; Sorsa et al. 1984 *; Zhimulev and Be-
layeva 1975a, Zhimulev et al. 1983; Ananiev and Barsky 1985) allow an insight
into elementary structures of the chromosomes and in the numbers of bands.
There is no doubt that Beermann’s (1952 a, 1962, 1972b) chromosome model of
continuous chromatin fibers running along the longitudinal axis of the chromo-
somes is correct in general. Local modifications of underreplicated or possibly
amplified DNA are mentioned above. Depending on the methods used, in partic-
ular with respect to the applied fixation and spreading technique, different
numbers of chromosome bands have been counted. In comparison to the light mi-
croscope observation of polytene chromosomes, mostly more bands are found in
electron microscope observations. So, for instance, in surface-spread chromo-
somes of D. hydei, the band number was found to be 34% higher than in light mi-
croscope observations (Kalisch et al. 1986) and in whole mount sections of an X
chromosome division of D.melanogaster 8.5% more bands are revealed (Sorsa
1982) as compared with the light microscope map of Bridges (1938). For D. mela-
nogaster the entire chromosome set was found by Bridges to contain at least 5000,
bands which could be corrected by EM analyses to approximately 5500.

The genetic content and capacity of a chromomere/interchromomere (band/
interband) unit can principally be investigated in two ways: (1) Genetically by de-
termination of the number of complementation groups or genes contained in a
morphological unit, (2) molecularly by using new DNA cloning and hybridiza-
tion techniques.

1. The number of complementation groups which lies within specific chromo-
mere/interchromomere units has been tried to be found by extensive saturation
experiments. From earlier work reviewed by Beermann (1972 b) and later by Le-
fevre (1974 a, b) a one-to-one correspondence of polytene chromosome bands and
complementation groups was strongly suggested especially by data obtained for
X chromosome segments (Lefevre 1974b; Judd et al. 1972; Lefevre and Green
1972; Lifschytz and Falk 1968, 1969) and for chromosome 4 (Hochman 1971,
1973).
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Saturation studies determine the number of independent loci in a limited in-
terval containing a known number of bands. Mutations, particularly recessive le-
thal mutations induced by X-rays or by chemical mutagens such as EMS are the
material for gene counting. Since saturation studies use mutants identified by
their readily detectable effects on viability or phenotype, many other kinds of mu-
tions producing no easily identified alteration obviously escape the usual screen
for mutants. These critical points were the cause for a more detailed re-examina-
tion of the X chromosome segment 3A-3C7 (Young and Judd 1978). In this study
complementation groups have been discovered which have no lethal alleles and
are “without any genetically observable effect”. The authors state “that division
3B contains more genes (i.e., complementation groups) than polytene chromo-
some bands, while portions of 3A and 3C seem to have no functional significance.
Accordingly, many polytene chromosome bands may be composites of several
complementing functional units. This investigation also indicates that there are
chromosomal segments that are seemingly dispensible and thus function in a
manner that is difficult or impossible to define with available methods” (Young
and Judd 1978). Since then, however, further studies have been published sup-
porting the one band-one gene correspondence and are cited and discussed in Le-
fevre and Watkins (1986), but for the region 9/10 of the X chromosome some
bands were found to contain more than one gene (Zhimulev et al. 1983).

Most of the studies are based on the assumption that all genes mutate with
equal probability following a Poisson distribution. That this might be incorrect
has long been supposed (Morgan 1935) and was critically reviewed by Lefevre
and Watkins (1986). Keeping in mind data of detailed complementation and
gene-counting studies available at present, Lefevre and Watkins (1986) con-
cluded: “Unfortunately, we cannot estimate the total numbers of nonvital loci,
loci with undetectable phenotypes and loci having extremely low mutabilities. In
any event, our estimate of the total vital gene number was far short of the total
number of bands in the analyzed regions; yet, in several short intervals, we have
found more vital genes than bands, in other intervals, fewer. We conclude that
the one-band, one-gene hypothesis, in its literal sense, is not true; furthermore,
it is difficult to support, even approximately”.

2. Earlier discussions about genetic capacities and organization of chromo-
meres and interchromomeres in polytene chromosomes are based on the assump-
tion that genes on the average need about 1 kb DNA for protein coding, that a
chromomere contains 3040 kb DNA, an interchromomere 2 kb on average, and
that only one gene is located in a chromomere/interchromomere unit (Crick 1971;
Beermann 1972 b; Paul 1972). The great excess of obviously noncoding sequences
was assumed to fulfill structural and/or regulatory functions or to be composed
of silent, duplicated genes or nonsense sequences. Rather different chromosome
models have been created and are briefly given in the following: (1) Interbands
contain coding sequences, bands contain control elements (Crick 1971). (2) Inter-
bands contain “address sites” (polymerase binding sites), bands contain tran-
scribed sequences (Paul 1972). (3) “The essential portion of each chromomere-in-
terchromomere complex, at least in the case of heavier bands, is restricted to a
small “initial” fraction at the edge of the band or, alternatively, only occupies the
interband portion” (Beermann 1972 b). (4) Interbands contain active housekeep-
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ing genes, bands contain temporarily or constantly inactive genes (Zhimulev et
al. 1983).

Direct tests of gene contents of band/interband DNA have been possible since
recombinant DNA techniques have been available. Using cloned overlapping
DNA fragments wich cover more than one chromosome band, transcripts arising
from the DNA at any time during development can principally be identified by
DNA/RNA hybridization. Most extensive studies have been performed in this
way for the rosy region 87D,E in chromosome 3 of D. melanogaster. The rosy lo-
cus, carrying the structural information for xanthine dehydrogenase (XDH) has
been extensively studied genetically and cytogenetically (Chovnick et al. 1977,
Hilliker et al. 1980). Within a segment containing 23 or 24 bands 21 complemen-
tation groups were observed which was interpreted as close correspondence be-
tween complementation group number and band number (Hilliker et al. 1980;
Gausz et al. 1986). From a genomic DNA library clones containing a total of
315 kb DNA, which constitutes about 14 bands in polytene chromosomes of the
rosy locus and contains essential sequences for at least 12 complementation
groups (Bender et al. 1983 a; Spierer et al. 1983), were hybridized to polyadenyl-
ated RNA (Hall et al. 1983). From various developmental stages 20 discrete poly-
adenylated RNAs were found in total. The coding sequences of some genes were
located within chromosome bands. Two large bands contained several transcrip-
tion units (Hall et al. 1983). The reason for several transcripts arising from the
same band could be that they indeed originate from several transcription units or
that they originate from one and the same gene but result from different transcrip-
tion starts, as in the case of alcohol dehydrogenase (Benyajati et al. 1983), or from
different transcription termination or processing of the RNAs, as in several other
cases (Henikoff et al. 1986 a, b; Schneuwly et al. 1986).

Further analyses are necessary to clarify the situation at the rosy region. Nev-
ertheless, at first glance the rosy region seems to demonstrate a one-to-one corre-
spondence between number of bands, number of complementation groups and
number of transcripts. However, in addition to the exceptions mentioned above
and to the already discussed difficulty of identifying complementation groups,
one has to consider that only polyadenylated RNA was used in the hybridization
tests. Moreover, the sensitivity of hybridization tests should be extremely high in
order to ensure that RNA’s are detected which originate in very low amounts
from weakly expressed genes or from those which are expressed only in a small
number of cells for a short time.

Discussing the distribution of genes in chromosome substructures one should
also take into account the physical extensions of genes (Spradling and Rubin
1981).

a) Whereas the length of mature RNA sequences may range between 0.12 kb
as for 5S rRNA (Artavanis-Tsakonas et al. 1977) and 7.3 kb as for rudimentary
(Segraves et al. 1983), some unusually large genes like Antennapedia have exons
of more than 100 kb in total (Schneuwly et al. 1986). The sizes of unprocessed
transcription products differ enormously, depending on the numbers and the sizes
of intervening sequences. Extremely large genes like those of the bithorax complex
(Bender et al. 1983 b), the Antennapedia complex (Scott et al. 1983; Schneuwly et
al. 1986) or of the Notch locus (Artavanis-Tsakonas et al. 1983; Kidd et al. 1983)
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contain introns of more than 60 kb long which amount to more than 100 kb in
Antennapedia (Schneuwly et al. 1986). To date, such extremely large transcription
units have been considered to be exceptions, but the number of these exceptions
steadily increases with the number of genes analyzed. The size of entire functional
units, i.e., transcription unit plus adjacent sequences of regulatory function,
might also differ between genes. A rough estimate of the size of functional units
with relatively small structural genes can be obtained from P-element-mediated
transformation experiments (Spradling and Rubin 1982; Rubin and Spradling
1982). The lowest limits of functional DNA sizes are not definitely known, but
mostly 3 to 10 kb DNA were sufficient for a proper function of the transposed
genes.

b) The density of RNA coding sequences was found to be much higher than
would have been expected from the one gene-one band hypothesis (Spradling and
Rubin 1981). For the DOPA decarboxylase clusters Wright (this vol.) reported
that within a region of 8 to 12 chromosome bands containing 160 kb DNA 18
complementation groups plus at least two unmutated transcriptional units were
found and that two subclusters exist of nine transcriptional units within 25 kb and
five within 15.5 kb DNA. In another case four genes for larval cuticle proteins
are clustered within 7.9 kb DNA (Snyder et al. 1981) and the transcribed sequence
of the gland-specific gene gsg and the secretion gene Sgs-4 are separated only by
less than 1 kb DNA (Hofmann and Korge, in press).

c) Different transcripts arise from the same gene, resulting from differences in
transcription start or termination or RNA processing or polyadenylation (Benya-
jati et al. 1983; Henikoff et al. 1986 a; Schneuwly et al. 1986). Different starts and
terminations of transcription could yield more than one complementation group
in saturation tests.

d) Different genes share the same enhancer or regulatory sequences. This
seems to be true for the larval secretion protein genes Sgs-7 and Sgs-8 (Garfinkel
et al. 1983) and may also exist in the case of the gland-specific gene gsg and the
secretion protein gene Sgs-4 (Hofmann and Korge, in press).

¢) Genes are coded on opposite DNA strands at the same genetical locus or
nearby, as is the case of gsg and Sgs-4 (Hofmann and Korge, in press). In its ex-
treme, a gene is situated in the intron of another gene, as is the case for a pupal
cuticle protein gene at the GART locus (Henikoff et al. 1986 b).

The presented examples of gene arrangements and sizes of functional units
suggest that for some genes, perhaps for the majority, there might be space
enough in bands as well as in interbands. However, large genes on the one hand
must cover more than one chromosome band/interband unit (a), while in cases
of densely arranged genes (b), especially those genes which share enhancers (d)
or in extreme cases are interlocked (e), more than one cistron should occupy one
band/interband unit. Therefore, one cannot but state that the genetic content of
band/interband units can differ from unit to unit and, therefore, a generalization
as is implied from the one band-one gene hypothesis is no longer justified.

More detailed information about the structural organization of specific DNA
sequences in polytene chromosomes should be obtained by using combined
methods of chromosome spreading or sectioning, in situ hybridization, and elec-
tron microscopic observation. So, for instance, Kress et al. (1985) used gold-la-
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beled biotinylated DNA probes (Wu and Davidson 1981; Hutchinson et al. 1982;
Langer-Sofer et al. 1982; Manuelidis et al. 1982) for in situ hybridization on sur-
face-spread polytene chromosomes (Kalisch 1982). The electron microscope anal-
ysis yielded resolution of ca. 10 kb DNA and transcription sites of polyadenyl-
ated RNA could be localized in bands, interbands, and in puffs (Kress et al. 1985).
Further development of these techniques and possibly also using whole mount
sections of chromosomes (Sorsa et al. 1984 *; Semeshin et al. 1986 *) to increase
resolution without loss of chromosome structure should allow localizing defined
DNA sequences of regulatory or coding function in transcriptionally active and
inactive chromosome sites.

4 Gene Activation-Related Chromosome Puffing

In his fundamental work on Chironomus polytene chromosomes Beermann
(1952a) reported stage- and tissue-specific local modifications of the chromo-
some structure, i.c., inflated loci or chromosome puffs, in their extreme forms in
Chironomids named Balbiani rings. Beermann interpreted puffs as functional
modifications of the chromosome structure indicating high metabolic activity.
Stage- and tissue-specificity of puff and Balbiani ring patterns were simulta-
neously found in Rhynchosciara (Pavan and Breuer 1952). During the following
years, Beermann’s observation that puffs and Balbiani rings represent loci of
genes and are metabolically highly active has been corroborated for plants (Nagl
1981) as well as for Collembola (Cassagnau 1971) and Diptera, particularly
D.melanogaster, by demonstrating stage- and tissue-specific puffing patterns
(Becker 1959, 1962; Ashburner 1972 *; Ashburner and Berendes 1978 *), specific
induction or repression of puffs or Balbiani rings (Beermann 1961, 1973; Clever
1963; Ashburner 1971; Kress 1973; Ashburner and Berendes 1978 *), uridine in-
corporation (Pelling 1964) and correlation of puffs with the synthesis of specific
proteins (Beermann 1961; Grossbach 1969, 1977 *; Korge 1975).

Since chromosome puffs are known to be related to transcriptionally active
genes and represent light-microscopically visible differential gene expression, this
fascinating phenomenon has been used as a model for studying eukaryotic gene
expression (Ashburner and Berendes 1978*). Among the factors which are in-
volved in puff formation upon induction, the accumulation of acidic proteins
seems to be the first process at the chromosomal level (Berendes 1968; Berendes
and Helmsing 1974). Despiralization of DNA within the puff region as a precon-
dition for RNA synthesis and the storage of newly synthesized RNA simulta-
neously covered with protein, are thought to be the main features of puffing
(Beermann 1965). In his autoradiographic study Pelling (1964) stated “that RNA
in puffed regions is synthesized in situ” and that “a general relationship exists be-
tween the rate of synthesis and the size of a puff”. Uridine incorporation was only
found in “structurally modified loci”” (Pelling 1964; Beermann 1965). Puff forma-
tion and puff size, therefore, seem to be strictly correlated with RNA synthesis.
RNA synthesis in puffs was evidenced by other workers too, but also unpuffed
loci were found to be transcribed (Ashburner and Berendes 1978 *). Zhimulev and
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Belyaeva (1975b) even claimed that all interbands are transcriptionally active
sites. Therefore, transcription in polytene chromosomes is not generally restricted
to puffs, but is also correlated with chromatin decondensation in restricted areas
of interbands.

Since puffing in wild-type chromosomes obviously always corresponds with
intensive transcription of the puffed DNA, puffing could be a precondition for
high-level transcription or a result of it. Data which seem to favor the second al-
ternative came from P-element-mediated transformation experiments using hy-
brid genes containing the 4ps70 heat shock gene promoter and various structural
genes. If the complete Asp70 promoter was used, fused genes were activated and
puffs were induced on heat shock at the site of integration. The puffs appeared
nd regressed at the same time as the puff at the endogenous Asp70 locus and at-
tained similar sizes (Lis et al. 1983). Using shortened hsp70 5'upstream sequences,
i.e., deficient Asp70 promoter sequences the activity level of the genes and the sizes
of the puffs were reduced. If a fused gene remained inactive no puff was formed
at the integration site (Bonner et al. 1984; Cohen and Meselson 1984; Dudler and
Travers 1984; Simon et al. 1985). In addition to this general correlation between
the level of gene activity and puff size, a dependence of puff sizes on the length
of the transcripts was observed. An internal deletion of the fused gene that re-
duced the transcript size from 9 kb to 0.8 kb resulted in a dramatic reduction in
puff size (Simon et al. 1985).

The result of the transformation experiments using heat shock promoter hy-
brid genes indicate that promoter strength or transcript length directly influence
puffing, but the statement that “these results ... indicate that puff formation re-
quires transcription” (Cohen and Meselson 1984) is not substantiated.

Further information about puffing was obtained from analyses of larval secre-
tion protein gene expression. In D. melanogaster eight genes are known (Sgs-1-8)
to code for larval secretion proteins. These genes are transcribed only in larval
salivary glands from the middle of the third larval instar to about 5 h prior to pre-
pupa formation (Korge 1975; Beckendorf and Kafatos 1976; Muskavitch and
Hogness 1980; Velissariou and Ashburner 1980, 1981; Meyerowitz and Hogness
1982; Guild and Shore 1984). The Sgs gene activities are strictly correlated with
puffing at the corresponding gene loci (Korge 1977 a). In larvae which carry a de-
letion in the promoter region of the secretion gene Sgs-4, causing underproduc-
tion of sgs-4 mRNA and of protein, the Sgs-4 gene locus remains unpuffed
(Korge 1977b; Muskavitch and Hogness 1980). These results again indicate a
clear correspondence between puffing and RNA synthesis, but the causality of the
processes remains unclear. Uncoupling of transcription from puffing, particularly
puffing without transcription, should help to answer the question.

First indications that transcription and puffing might be separable came from
Berendes’ experiments on Drosophila hydei which were performed in Beermanns’
laboratory. Chromosome puffs could be induced at appropriate sites by heat
shock or by ecdysone, althouth RNA synthesis was inhibited by actinomycin D
treatment (Berendes 1968). The induced puffs, however, were smaller than nor-
mal. Even if very weak RN A synthesis could not be completely excluded, the data
pointed to separability of puffing from transcription processes. RNA synthesis
within the puff seems to be necessary for the maximal extension of a puff.
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In the temperature-sensitive suppressor of forked mutant I(1)su(f)*®"% of
D.melanogaster, larvae fail to molt if the breeding temperature is shifted from
permissive 25 °C to nonpermissive 30 °C, which is due to a failure in the rise of
the concentration of the hormone ecdysone. If mutant larvae were reared at 25 °C
until just before the molt of second to third instar larvae and then the breeding
temperature was shifted to nonpermissive 30 °C, neither secretion proteins sgs-
3,4,7, and 8 nor their corresponding mRNAs were synthesized, but, surprisingly,
chromosome puffs were formed at the loci of the corresponding Sgs genes (Hans-
son et al. 1981; Hansson and Lambertson 1983). Injection of ecdysone rescued
the larvae and induced secretion synthesis and prepupariation.

More detailed analyses were performed by Meyerowitz et al. (1985), using the
recessive lethal mutant /(1 )npr-1 of D.melanogaster, and testing its influence on
the expression of the Sgs-3,7,8 gene cluster located at 68C of chromosome 3
(Meyerowitz and Hogness 1982). Larvae that are homozygous for the mutation
I(1)npr-1 never pupariate but die as third instar larvae as a result of a failure in
the response to ecdysone (Kiss et al. 1978). In salivary glands of such mutant third
instar larvae the Sgs-3,7,8 gene cluster locus 68C is puffed, but as in I( 1) su(f)*%"
no concomitant accumulation of the corresponding RNAs is recognizable. After
pulse-labeling of RNA no radioactivity was incorporated into the 68C saliva
RNAs (Crowley et al. 1984; Meyerowitz et al. 1985).

These results again demonstrate uncoupling of puff formation and transcrip-
tion. Therefore, in addition to the specific induction of transcription a specific in-
duction of puffing or chromatin decondensation must be supposed. Using P-ele-
ment-mediated transformation it should be possible to delimit and to identify re-
gions which are responsible for the one or the other function.

In transformants in which the introduced 6 kb or 7 kb DNA included only
Sgs-3, the largest of the three secretion protein genes of 68C, the transformed gene
was abundantly expressed and appropriately regulated. Formation of a new puff
at the site of insertion, however, was not observed (Richards et al. 1983; Meyero-
witz et al. 1985; Crosby and Meyerowitz 1986). Electron microscope analysis of
polytene chromosomes of transformants which contained an 8 kb DNA fragment
harboring Sgs-3 and Sgs-7 (Richards et al. 1983) demonstrated wide interbands
or small puffs at the integration sites (Semeshin et al. 1986). Only if the introduced
DNA (8.1 kb) from 68C contained all three genes (Sgs-3,7,8) a light microscopi-
cally visible new intermolt puff at the chromosomal location of the insert was
formed.

The analyses of Sgs-3 expression in mutants and in transformants have shown
clearly that puffing is neither necessary nor sufficient for abundant Sgs-3 tran-
scription, and that high level transcription is neither necessary nor sufficient for
puffing. The results of these transformation experiments — Sgs-3 transcription
without puffing, and puff formation only if all three Sgs genes 3, 7, and 8 are
transposed — could have several reasons: (1) The Sgs-3 transcript is less than
1.2 kb in length (Crosby and Meyerowitz 1986) and could be too short to cause
or stabilize puffing. (2) All three transcribing Sgs genes are needed to gain the
number or total length of transcripts necessary for puffing. (3) The transposed
DNA fragment needs a special size to retain its puff-forming capacity. (4) There
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is a specific DNA sequence responsible for puff formation. This DNA sequence
could be located within or adjacent to the structural gene.

If the latter is true and if the puff-forming sequence solely is transformed, a
puff should appear at the integration site provided that originally adjacent se-
quences are not needed for co-operation in puff formation, or that new surround-
ing sequences do not inhibit puff formation (position effect). Further transforma-
tion experiments are needed to decide what is true for the 68C puff.

In the case of the gene Sgs-4 for larval secretion protein sgs-4 of D. melano-
gaster the above questions seem to be close to an answer. The gene Sgs-4 lies in
the X chromosome at position 3C11, and in larvae of most wild-type strains this
locus is puffed during the sgs-4 RNA and protein synthesis phase (Fig. 5a; Korge
1975, 1977b). In some wild-type strains, however, neither sgs-4 RNA and protein
are synthesized abundantly nor does a puff appear at 3C (Fig. 5b; Korge 1977b)
due to a deletion in the 5'upstream region of Sgs-4 (Muskavitch and Hogness
1980). Such a Sgs-4 underproducer strain was used as a recipient for P-element-
mediated transformation of DNA fragments containing 2.5 kb S5'upstream,
1.0 kb coding, and 1.3 kb 3'downstream Sgs-4 sequences from a normal producer
strain (Krumm et al. 1985). All transformants yielded significant, though low,
Sgs-4 expression, tested at the RNA and protein levels (Krumm et al. 1985). In
some transformants puffs were formed at the integration site and regressed at the
same time as the endogenous Sgs puffs at autosomal loci, when primary ecdy-
sone-inducible puffs appeared (Fig. 6). The dimensions of the puffs differed be-
tween transformed lines, depending on the local situation at the integration site.
The puffs seemed to be more extended if integration occurred into bands than
into interbands.

In the presented example integration occured at 3A1-3 in the X chromosome
(Fig. 6). This locus normally is unpuffed showing three or four compact thick
DNA bands (doublets) during the phase of secretion synthesis in normal and in

Fig. 5. Distal part of X chromosomes in female larvae of D.melanogaster. a wild-type Oregon-R.

b the underproducer strain Kochi-R. 3C, the locus of the gene Sgs-4 is puffed during the phase

of secretion synthesis in Oregon-R but is unpuffed in Kochi-R. 3A1-4 is unpuffed in both strains.
Phase contrast
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Fig. 6. Distal part of X chromosomes from female larvae of the Sgs-4 underproducer recipient
strain Kochi-R (a) and of the transformant K7-1 (b—d). 34 the locus of DNA integration in K7-1.
3C the unpuffed locus of the endogenous underproducing gene Sgs-4 of the recipient. 34 is un-
puffed in a, but is puffed in b during the phase of secretion synthesis. d the puff in 3A is regressing
and the ecdysone responsible puff at 2B appears. ¢ autoradiogram after in situ hybridization with
3H-labeled Sgs-4 DNA. a, b, d phase contrast. ¢ Giemsa staining. e the transposed DNA frag-
ment. P fragment of the P-element. ry* sequence containing the rosy™ gene for selection. Lengths
of the fragments in kb are given below
Fig.7. Monoclonal antibody staining of RNA polymerase II (ant pol IT) (a’) and of a DNA bind-
ing protein (BX42) (b, ¢’) in polytene X chromosomes of the wild-type stock Oregon-R (a, b)
and of the transformed line K7-1 (c). a, b, ¢ Hoechst (DNA) staining. 34 the locus of DNA in-
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tegration in line K7-1 (c). 3C the locus of the endogenous Sgs-4 gene which has normal activity

in the wild-type stock Oregon-R (a, b) and is weakly active in the recipient underproducer stock

(¢). Stage-specific ant pol IT and BX42 staining in 3C of the wild-type stock (a, b), weak staining

in 3C of the transformed line K7-1. No significant staining of 3A in the wild-type stock (a, b),

strong and stage-specific staining of 3A with ant pol IT (not shown) and BX42 in the line K7-1
(c) (Saumweber, unpublished)



48 G. Korge

underproducer wild-type strains (Fig. 5). In the transformant the 3A1-3 locus is
inflated or puffed and the chromosome bands 3A1 to 3A4 are decondensated
(Fig. 6), and sgs-4 RNA and protein are produced (Krumm et al. 1985). Staining
of RNA polymerase II in the polytene chromosomes with monoclonal antibodies
(ant pol II) confirmed the results of RNA and protein analyses (Fig. 7). The en-
dogenous Sgs-4 locus of the underproducer recipient strain does not stain with
ant pol II but at the integration site 3A1-3 ant pol II staining increases and de-
creases in correlation with secretion synthesis. A similar staining of DNA binding
proteins was observed after applying the monoclonal antibody BX 42 (Frasch et
al. 1985). In addition to some other loci these antibodies stained the locus 3C in
wild-type chromosomes intensively only during the phase of secretion synthesis,
but in the underproducer strains 3C failed to stain or stained very weakly (Fig. 7;
Saumweber, unpublished).

In the underproducer strain, as well as in normal wild-type strains, the locus
3A1-3 neither stains with ant pol II nor with BX42 (Fig. 7). In the transformant
the integration site 3A1-3 was intensively stained with both antibodies and its
staining pattern was identical to that of the 3C locus in normal Sgs-4 producer
wild-type strains (Fig. 7). Monoclonal antibody staining, therefore, is an ideal cy-
tological counterpart to biochemical RNA and protein determinations for iden-
tification of gene activities. A more detailed presentation of the data is in prep-
aration.

The results of our transformation experiments, so far, differ from those of
Sgs-3 inasmuch as a relatively short DNA fragment of 4.8 kb exhibited gene ac-
tivity-correlated puffing at the integration site but, as was found for Sgs-3, puf-
fing still seems to correspond with transcription. The length of the transcript
(1 kb) obviously is sufficient for puff formation.

For further transformation experiments a plasmid was constructed which
contained 2.5 kb upstream sequences of Sgs-4 connectec to the 1.3 kb coding se-
quence of the viral oncogene mil and a 0.7 kb fragment of the viral oncogene myc
(Fig. 8), both originating from the avian virus Mill Hill 2 (Jansen et al. 1983). In
transformants containing this DNA fragment RNA which might be derived from
the mil or myc sequence was never detected. Accidentally, one of the trans-
formants carries an integrated fragment at 3A1-3 (Fig. 8) close to the Sgs-4 inte-
gration site described above (Fig. 6). This locus, surprisingly, exhibits conspicu-
ous puffing strictly correlated with secretion synthesis, although only 2.5 kb up-
stream sequences of Sgs-4 are present and no transcription of the linked viral cod-
ing sequences occurred. The transcriptional inactivity of the locus was also
proven by ant pol II staining which in the puff was only at the back ground level

»
»

Fig. 8 a—f. Stage-specific chromatin decondensation induced by a transposed upstream sequence
of Sgs-4. Distal parts of X chromosomes of female larvae of a transformed line from the stage
of secretion synthesis (a, ¢, d) and from the stage after inhibition of secretion synthesis by ecdy-
sone (b, e). a, b phase contrast. ¢, d, e autoradiography after in situ hybridization with *H-labeled
upstream DNA of Sgs-4. 34 the locus of DNA integration. 3C the locus of the endogenous in-
active Sgs-4 gene of the recipient stock. The integration locus 3A is puffed only during the phase
of secretion synthesis and stains with BX42 (not shown) but does not stain with ant pol II. The
mil gene combined with the Sgs-4 upstream sequence is not transcribed. f the transposed DNA
fragment. mil, myc, avian virus oncogenes. Lengths of DNA sequences in kb are given below
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(Saumweber, unpublished). In contrast, staining of a DNA-binding protein with
the antibody BX42 was very intensive and stage-specific, as in the case of the orig-
inal Sgs-4 locus 3C in wild-type chromosomes (Saumweber, unpublished). This
indicates specific binding of the antigen to BX42 to the 5" upstream region of Sgs-4.

The results of our transformation experiments concerning puffing clearly
demonstrate: (1) Puff formation, at least in the case of Sgs-4, does not depend on
high level transcription or transcription at all within the puffed locus. (2) The
2.5 kb upstream sequence of Sgs-4 contains the capacity and quality for stage-
specific puff formation or chromatin decondensation. This upstream sequence
seems to respond to a specific inducer of chromatin decondensation. The exact
identification of this specific sequence is still open.

5 General Conclusions

Out of the wide field and the manifold facets of polytene chromosome re-
search only a few aspects could be discussed in this review. On the basis of Beer-
mann’s work the attempt was made to focus on new points of view in chromo-
some structure and function-related morphological modifications. The polytene
chromosome model of geometrically multiplied strictly paired chromatin fibers
running along the longitudinal axis of the chromosomes is in general correct. So
is, on the average, the one-to-one correspondence between the number of chro-
momere/interchromomere units and the number of genetic units within restricted
chromosome regions.

The use of new molecular-biological techniques like DNA cloning, sequenc-
ing, in vitro recombination and hybridization, in combination with new cytoge-
netic and cytomorphological techniques like in situ hybridization and electron
microscopic observation of chromosomes, opened new ways of chromosome re-
search, and revealed several exceptions to the general chromosome model. So, for
instance, within the heterochromatin, which was already known to be excluded
from polytenization, sequences were found to be polytenized to various extents,
and euchromatin was found to be interspersed with underreplicated sequences.
Further enhancement of the sensitivity of techniques in chromatin analysis might
yield increasing numbers of underreplicated and possibly amplificated sequences,
as in the case of the DNA puffs in Rhynchosciara.

The genetic content and capacity of the structural units chromomere and in-
terchromomere have been under discussion for some decades. Now, taking into
account the new data about gene sizes and gene organization, one has to accept
that the situation can differ between different chromomere/interchromomere
units: extremely large and complex genes cover more than one unit, whereas in
cases of a high density of small genes and “genes within genes”, in particular,
more genes occupy one structural unit. For the majority of the genes a one-to-one
relationship between genes and chromomer/interchromomere units may exist.

Chromosome puffs and Balbiani rings are structural modifications of poly-
tene chromosome loci which Beermann supposed to be morphological signals of
high genetic activity. In wild-type chromosomes puffing always coincides with
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transcription in the puff in accordance with Beermann’s interpretation; but in
some mutants and under abnormal conditions, especially in cases of transposed
in vitro recombinated genes, both processes, transcription and puffing, can be
separated.

Altogether, polytene chromosomes represent dynamic structures, which in
their features, although sometimes supposed to be exceptional, demonstrate char-
acteristics of typical eukaryotic chromosomes. The many already known varieties
in the structure of chromosomes and organization of genes complicate the design
of a general chromosome model.
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Giant Chromosomes in Ciliates

D. AMMERMANN !

1 Introduction

Ciliates are characterized by the occurrence of two different cell nuclei. The
DNA-rich macronucleus is the “somatic nucleus” of the cell and is responsible for
almost the entire cellular RNA synthesis. However, during sexual reproduction,
or conjugation, it is resorbed. The diploid micronuclei are the “germ line nuclei”
of the cells. They are, at least in many species, dispensable during most of the cells’
life cycle, which is characterized by asexual reproduction (division). During con-
jugation they undergo meiosis and form a synkaryon in each cell. One of its de-
rivatives develops into a new macronucleus in the animals which, after conjuga-
tion, are now called exconjugants. During the development of the macronucleus
anlage into a new macronucleus giant chromosomes are found in several spe-
cies.

The history of the discovery of giant chromosomes is as curious in Ciliata as
itis in Diptera. Balbiani (1890) was the first to identify them in Loxophyllum me-
leagris, and he already compared these structures with the dipteran giant chromo-
somes he had discovered some years earlier. We do not know, however, what Bal-
biani really observed. According to his figures (Fig. 1) the giant chromosomes are
present in the macronuclei. Reexamination by Ruthmann (1963) and Ammer-
mann (unpublished) revealed that no giant chromosomes are present in these nu-
clei. Until now giant chromosomes were only found as transient stages in macro-
nucleus anlagen of exconjugants. Therefore it is probable that Balbiani saw the
giant chromosomes in exconjugants, but erroneously thought that they are pres-
ent in mature macronuclei. Because no one has yet succeeded in inducing conju-
gation in this species, this assumption cannot be proved.

Grassé (1952) mentioned the occurrence of giant chromosomes in Nyctotherus
cordiformis (Fig.2). This observation was later confirmed, and additional light
and electron microscope studies were performed by Golikova (1964). However,
many questions remained open, €.g., the further fate of the giant chromosomes
and the molecular biology of the macronucleus. The reason is that this species is
an endosymbiont in the intestine of tadpoles and frogs. Conjugation is rare and
is apparently connected with the metamorphosis of its host, thus making it diffi-
cult to handle.
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Figs. 1-4. Giant chromosomes of ciliates. 1 Loxophyllum meleagris (Balbiani 1890). 2 Nyc-
totherus cordiformis (Grassé 1952). 3 Stylonychia lemnae. 4a, b Chilodonella cucullulus.
(Radzikowski 1979 and unpublished)
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Fig. 5. The development of the macronucleus anlage of Stylonychia lemnae. (After Ammermann
et al. 1974) a After separation of the exconjugant cells (0 h) the young macronucleus anlage has
the DNA content and the size of a diploid micronucleus. The increase of the DNA content starts;
b the anlage swells considerably and small condensed chromosomes become visible at the periph-
ery of the anlage; ¢ 20% of the chromosomes despiralize and begin to develop into giant chro-
mosomes. The other (80%) condensed chromosomes are resorbed (first elimination step); d the
DNA content reaches a first peak and the giant chromosomes show their maximum size at this
time; e, f giant chromosomes are fragmented, their bands are enclosed into independent vesicles.
The DNA content drops drastically; more than 90% of the anlagen DNA is eliminated (second
elimination step). A DNA-poor stage follows; g the end of the DNA-poor stage is marked by
the appearance of two nucleoli () in the anlage; Ak replication bands become visible which
double the DNA five times (second DNA replication round). The anlage elongates. The number
of nucleoli increases; / the anlage has reached its final DNA content and appearance

Most details are known about the giant chromosomes of hypotrich ciliates
(Fig. 3). They were first discovered in Stylonychia (Ammermann 1965), and later
found in several other genera (e.g., Euplotes, Oxytricha; review: Raikov 1982).
Their development is shown in Fig. 5. Giant chromosomes were also found in Chi-
lodonella cucullulus exconjugants (Radzikowski 1979; see Fig. 4).

In summarizing what is known about the giant chromosomes of ciliates, it be-
comes apparent that the basis for conclusions is very small. It is estimated that
about 8000 species exist, but the macronucleus development of less than 20 spe-
cies has been investigated. Furthermore, the species of several groups have never
been studied (Table 1). This gives the following overview a very preliminary
status.
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Table 1. The classification of ciliates (Corliss 1979), the occurrence of giant chromosomes and the
molecular weight of macronuclear DNA

Giant Size of DNA
chromosomes
Class 1: Kinetofragminophora
Subclass 1: Gymnostomata
Loxophyllum Yes® -
Didinium No* -
Subclass 2: Vestibulifera
Bursaria (Oligotene)® High¢®
Subclass 3: Hypostomata
Chilodonella Yes® High*
Subclass 4: Suctoria
Ephelota (Oligotene)® -
Class 2: Oligohymenophora
Subclass 1: Hymenostomata
Paramecium No°® High'
Tetrahymena No°® High, but sub-
chromosomalf
Subclass 2: Peritricha - —
Class 3: Polyhymenophora
Subclass 1: Spirotricha
Order 1: Heterotricha
Nyctotherus Yes® -
Blepharisma No°® High?
Climacostomum No°® High?
Order 2: Odontostomatida - -
Order 3: Oligotricha
Strombidium - High4
Order 4: Hypotrichida
Keronopsis No# Gene-sized?
Stylonychia Yes® Gene-sized*
Oxytricha Yes® Gene-sized!
Euplotes Yes® Gene-sized®

2 Nothing is known. ® High: more than 20 kbp. ¢ Review: Raikov 1982. ¢ Steinbriick and Ammer-
mann, unpublished. © Steinbriick and Radzikowski, unpublished. f Review: Steinbriick 1986.
¢ Reference see text.

2 Occurrence of Giant Chromosomes

Giant chromosomes are found in some ciliate genera and species (see above),
but are apparently lacking in others (e.g., Tetrahymena, Paramecium, see Table
1). Those species with giant chromosomes do not belong to one systematic group
of the ciliates, but are scattered throughout the entire phylum (Table 1). Some re-
lated species differ in the occurrence of giant chromosomes. In C. cucullulus and
C. steini quite large giant chromosomes are present (Fig.4), but in C. uncinata no
giant chromosomes can be observed with the light microscope. Only the electron
microscope reveals the existence of oligotene chromosomes in the exconjugants
of this species (Pyne 1978). Keronopsis rubra shows paired filament chromosomes
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Fig. 6. Oligotene chromosomes in the macronucleus anlage of Ephelota gemmipara.
(Grell 1949)

in its macronucleus anlagen, but no polytene chromosomes (Ruthmann 1972). At
present, this species is the only Hypotricha species which lacks giant chromo-
somes.

The exconjugants of several species show transient stages between chromatids
and giant chromosomes, e.g., “tetrads developed by endomitosis” (Bursaria trun-
catella, Poljansky 1934), or oligotene bundles (e.g., Ephelota gemmipara, Fig. 6).

It appears that there is no marked difference between species with and species
without giant chromosomes. It seems probable that many or all species without
visible giant chromosomes have comparable structures (paired chromatin fibrils)
in their macronucleus anlage.

3 Chromatin Diminution (Elimination) in Ciliates

The giant chromosome stage in all ciliates is followed by a chromatin elimina-
tion stage. This diminution was either demonstrated using spectrophotometric
methods (e.g., in several Hypotricha, see Fig.5) or it is very likely in the light of
the observed “Feulgen negative stages” and/or chromatin extrusion (several Het-
erotricha species, N. cordiformis, C. cucullulus, and E. gemmipara). In at least one
species lacking giant chromosomes, diminution was also demonstrated spectro-
photometrically (P. bursaria, Schwartz and Meister 1975). In other species also
lacking giant chromosomes, no DNA loss could be demonstrated with spectro-
photometric methods despite many efforts (e.g., Tetrahymena species, Parame-
cium aurelia species group, review: Raikov 1982). There is, however, no doubt
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that T. thermophila eliminates DN A sequences during macronucleus development
(review: Gorovsky 1980). I think there is a convincing explanation for these dis-
crepancies. It has been shown in recent years that the kinetic complexity (about
3 x 10'° Da) of the macronuclei of all ciliates which have been investigated is sur-
prisingly similar (Review: Steinbriick 1986). The DNA content of the micronuclei
is, however, quite different, and therefore different portions of the micronuclear
genomes are eliminated. If the micronucleus is very large, e.g., in S. lemnae (C =
9.2 pg), then the DNA elimination is obvious even if the remaining DNA repli-
cates at the same time (see Fig. 5). If the micronuclei are small, however, e.g., in
P.aurelia species (C=0.32 pg, Sonneborn 1974) or T.thermophila (C=0.25 pg,
Gaertig et al. 1986), then the small amount of eliminated DNA escapes detection
especially if it is “hidden” by replication of the remaining DNA. In agreement
with this, P. bursaria (micronuclei: C=3.8 pg, Ammermann, unpublished) clearly
shows DNA elimination, while species of the P.aurelia group (C=0.32 pg, see
above) do not.

There are several differences between the giant chromosomes of different cili-
ate species. N. cordiformis probably has one somatically paired, collective giant
chromosome (Fig. 2) while S. lemnae has about 70 unpaired giant chromosomes
(Ammermann et al. 1974) and Oxytricha sp. has about 120 giant chromosomes
(Spear and Lauth 1976). In S. lemnae and C. cucullulus there are a few characteris-

Fig.7. Spread native polytene chromosomes of Drosophila. The organization into dense bands
and individual chromatids in the interband regions is visible. Bar=1 pm.
(Meyer and Lipps 1984)
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tically large, DNA-rich heterochromatic bands as well as numerous smaller
bands. These large bands are lacking in other species. Nevertheless, the overall
appearance of giant chromosomes of Ciliata and Diptera is rather similar under
the light microscope. The number of bands in S. lemnae and Oxytricha sp. (about
10,000) is also in accordance with that of several Diptera.

In contrast to these findings are the results of electron microscope observa-
tions. Meyer and Lipps (1984) compared surface spread polytene chromosomes
of Drosophila and S. lemnae and they observed clear differences. Drosophila giant
chromosomes are composed of chromomeres of highly coiled DNA which are in-
terconnected by interband fibers (10 nm) (Fig. 7). However, S. lemnae giant chro-
mosomes show chromomeres which appear as aggregates of 30 nm loops laterally
attached to 10 nm axial filaments which represent the interband sections of the
chromatid (Fig. 8).

Fig.8a, b. Spread native polytene chromosomes of S. lemnae. Chromomeres are composed of 30
nm-loops attached to a 10 nm axial fiber representing the interband fiber. Bar=1 pm.
(Meyer and Lipps 1984)
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Another important difference between the giant chromosomes of ciliates and
diptera is their different activity. The giant chromosomes of all ciliates show no
or at most a low RNA synthesis. RNA synthesizing puffs and nucleoli are absent.
Transcription is apparently not the main function of the giant chromosomes in
ciliates. But what other function could they have?

The investigations of all ciliates over the past years have shown clearly that
during the development of the macronucleus anlage the micronuclear genome is
more or less subjected to severe changes. Only a part of it (80% in Tetrahymena
thermophila, less than 2% in S. lemnae) is retained in the macronucleus. This part,
which derives from micronuclear chromosomal DNA, is cut during development
into either still large, but subchromosomal-sized (e.g., Glaucoma chattoni, T. ther-
mophila) or into short gene-sized DNA molecules (Hypotricha) (review: Stein-
briick 1986). In addition, extensive DNA cutting and rejoining occurs. It can be
supposed that the function of the giant chromosomes is related to these events.

I think the development of the Hypotricha giant chromosomes can give us
some hints as to their role. The whole development shows two DNA replication
phases (Fig. 5). The first one leads to polytene chromosomes with some remark-
able DNA-rich blocks and many smaller bands. Following chromatin diminu-
tion, the second phase of DNA replication occurs. The course of this latter rep-
lication is the same as that which occurs prior to every cell division. The charac-
teristic structures are the replication bands, which are assumed to duplicate the
DNA exactly. I assume that the first replication round (in contrast to the second
one) is characterized by over- and/or underreplication of DNA. There are three
observations which support this hypothesis:

a) It was demonstrated that there is a shift in buoyant density of the DNA dur-
ing the development from micronuclei to macronuclear anlagen with giant chro-
mosomes (Ammermann et al. 1974; Spear and Lauth 1976).

b) At the end of giant chromosome development, an unequal DNA replication
of certain bands is clearly demonstrable (Ammermann et al. 1974). The same ob-
servation was made in the giant chromosomes of C. cucullulus. Figure 4a shows

a “DNA puff” of this species (Radzikowski 1979).

¢) In a recent investigation Helftenbein (in preparatlon) found that in S. lem-
nae the relative frequencies of gene copies is the same in macronuclei and in mac-
ronucleus anlagen with giant chromosomes. If we assume that the diploid micro-
nucleus contains two copies of each gene (this, however, remains to be proved),
then the polytenization process seems to overreplicate some genes severely.

The giant chromosomes are (according to this hypothesis) a product of un-
equal replication. Their structure could enable the cells to sort out the germ line-
restricted (= later eliminated) and the somatic (= macronuclear) DNA se-
quences. The fact that all copies of a gene are paired in a band could be important
for this sorting out mechanism. Meyer and Lipps (1981) found that some sections
of the giant chromosomes of S. lemnae are preserved (they assume: the 10 nm-in-
terband fibrils), and others are degraded (they assume: the 30 nm loops in the
bands, see Fig. 6). The giant chromosomes’ degradation process is, however, far
from being clear and makes further investigation necessary.
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Despite their similar structure under the light microscope it seems obvious
that the giant chromosomes of Ciliata and Diptera have completely different
functions.
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The sp-I Genes in the Balbiani Rings
of Chironomus Salivary Glands

C. GroND !, H. Sa1Ga 2 and J.-E. EDSTROM 13

1 Introduction

The polytene chromosomes of dipteran insects like Drosophila or Chironomus
show a characteristic pattern of bands and interbands. With few exceptions, this
pattern is constant, even for cells of different tissues as for instance salivary
glands, Malpighian tubules or rectum epithelium (Beermann 1952). However, the
pattern of diffuse regions, puffs and Balbiani rings (BRs) along the polytene chro-
mosomes changes according to tissue and developmental stage, which indicates
differentiated functions for these structures (Beermann 1962).

The large BRs of the Chironomus salivary gland cells are suitable for the study
of functional structures in polytene chromosomes. Early electron-microscopical
studies (Beermann and Bahr 1954) demonstrated the high amount of putative
RNP granules in the BRs. Pelling (1964) showed that BRs are sites of high tran-
scriptional activity. The tissue-specific development of BRs suggested a role in the
production of the gland secretion. Indeed, Beermann (1961) demonstrated that
granule-like secretion in so-called special cells in C. pallidivittatus x C. tentans hy-
brids was inherited as a consequence of the presence of a short chromosome re-
gion from C.pallidivittatus containing a BR4 that is not present in C. tentans.
Grossbach (1969, 1973), using a similar design, could subsequently identify a se-
cretory protein component whose presence is correlated to the presence of BR4.
Grossbach (1973) also showed that the secretion contains a prominent, very high
molecular weight secretory protein, later designated sp-1, a likely product of the
75S RNA originating from BR2 (and BR1) (Daneholt 1972; Daneholt and Ho-
sick 1973). BRs, like the secretory process, occur throughout the larval existence.
The secretion proteins form a tube (Fig. 1) in which the larva usually stays, well
hidden through the incorporation of bottom material into the tube walls. Prob-
ably this tube has also other functions for the larva, but these still remain a matter
of speculation.

Case and Daneholt (1978) showed that RNA of BR2 (and BR1) has an
extraordinarily large size of approximately 37 kb (75S RNA). This RNA fraction
is not measurably smaller as mRNA in the cytoplasm. The sp-I fraction in the sal-
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Fig. 1. Fourth instar Chironomus larva in its protective tube. The visibility of the tube was im-
proved by allowing the larva to produce it in agarose

ivary gland secretion originally described by Grossbach (1973) was determined to
have a size of about 1000000 daltons and to be complex (Rydlander and Edstrém
1980). It is similar to the in vitro translation products of the 755 BR RNAs (Ry-
dlander et al. 1980; Weber et al. 1983). The relationship between BR genes, 75S
RNA and sp-I was confirmed after culturing larvae in medium with galactose,
glycerol or ethanol: In C. pallidivittatus and C. tentans a new BR is induced under
these conditions (BR6: Beermann 1973), a new 75S RNA, slightly different in mi-
gration appears, and a new sp-I component (sp-Ic) is synthesized (Edstrém et al.
1980, 1982). Improved techniques of sample preparation and electrophoretic sep-
aration now permit the visualization of at least three different fractions of 755
RNA. Also several fractions are resolved among the giant secretory proteins: sp-
Ia and sp-Ib in animals under standard culture conditions, sp-Ia and sp-Ic after
BR6 induction (Galler et al. 1984). Recently, Kao and Case (1985) detected a
fourth fraction (sp-Id) using a new method for protein sample preparation.

During the last years BR DNA has been cloned and the molecular structure
of the BR genes studied. This review deals with the molecular structure of the sp-I
genes. For other aspects of the BR system see Pustell et al. (1984) and reviews by
Beermann (1962), Grossbach (1977) and Daneholt (1975, 1982).

2 The Structure of the sp-I Genes in the Large BRs

2.1 Number of sp-1 Genes

The sp-1 genes are members of a gene family and encode giant secretory pro-
teins. Sequence analysis of cloned DNA fragments of various BRs confirmed that
the sp-I genes are evolutionarily related, as will be discussed (see also Pustell et
al. 1984 and Wieslander et al. 1984).

In C.tentans and C.pallidivittatus, both members of the subgenus Campto-
chironomus, the genes for the giant secretory proteins are located in the large BRs
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Fig. 2. Squashed salivary gland chromosomes from (right) control C. pallidivittatus larvae show-

ing chromosome 4 with BR1, BR2 and BR3, and the left arm of chromosome 3 that carries the

band for BR6; and (left) experimentals (6-day exposure to glycerol medium for the induction of
BR6) showing all four BRs. (From Edstrom et al. 1980)

1,2 and 6 (Fig. 2). The large BRs might contain more than a single gene, and Wies-
lander (1979) estimated the number of 75S RNA producing genes per BR to be
between one and four. The first direct piece of evidence for two genes in a BR
came from a C. pallidivittatus mutant where two BR1 genes separated by a trans-
location each formed a separate BR. In fact, BR1 appears to originate from two
(closely adjacent) chromosome regions even in wild-type stocks (Beermann 1962).
For BR1 in C. tentans two genes were identified by molecular techniques: an sp-I
gene (Wieslander et al. 1982; Case and Byers 1983) and a second gene producing
a 6.5 kb messenger in the salivary glands (Dreesen et al. 1985). For BR2 of C. pal-
lidivittatus two sp-I genes with different sequences are reported; these have
messengers of slightly different size and with different half-lives after glycerol-in-
duced BR2 regression (Galler et al. 1985). Also on BR2 in C. tentans two sp-I
genes are likely to occur (Kao and Case 1985). So far, there is no evidence for
more than a single gene in BR6.

Hence, the number of sp-I genes appears to be rather low: each of the three
large BRs probably contains one or two sp-I genes.
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2.2 Structure of the sp-1 Polypeptides

Enzyme digestion or partial hydrolysis of sp-I polypeptides reveals tandem ar-
rangements of repeat units with unit sizes in the range of 15 kD (Hertner et al.
1983; Rydlander 1984; Serfling et al. 1983). According to fingerprint analyses of
tryptic peptides sp-Ia, sp-Ib and sp-1d appear to be rather similar in structure, in
spite of significant differences (Rydlander 1984; Kao and Case 1985). Amino acid
analyses by Grossbach (1969) of total secretory protein, dominated by sp-I, and
direct analyses of sp-I components by Rydlander (1984) indicated an unusual
amino acid composition. The sp-I fractions contain high amounts of basic amino
acids (Lys + Arg in amounts of about 30%), low amounts of acidic amino acids
and a high content of Pro (Table 1). Nevertheless, these normally produced sp-I
fractions (sp-Ia, Ib and Id) are not basic, but instead, like the glycerol-induced
sp-Ic, have isoelectric points of 7.2 (Kao and Case, unpublished). This result is
likely to be due to the extensive phosphorylation of the normal sp-I components
(Galler et al. 1984).

Table 1. Coded composition of common amino acids from repeat units of BR1« (pCp 90),
BR1S (pCp - c14), BR2a (pCp - c12-8), BR2S (pCp 41), BR6 (pCp 16) and directly determined
composition for sp-Ia and sp-Ib (Rydlander 1984)

BR1«a BR1g BR2a« BR2S BR6 sp-la sp-1b
Arg 16.9 12.0 5.2 231 22.4 11.2 13.5
Lys 14.3 17.3 26.0 9.2 7.5 211 13.8
Sum basic 31.2 29.3 31.22 32.3 29.9 323 27.3
Asp 1.3 0.0 0.0 0.0 11.9 3.5° 2.4°
Glu 39 8.0 3.9 7.7 26.9 8.2° 8.5%
Sum acidic 5.2 8.0 39 7.7 38.8 11.7° 10.9°
Ser 16.9 14.7 221 13.8 0.0 14.1 151
Thr 5.2 2.7 3.9 3.1 0.0 2.1 2.3
Sum Ser+ Thr 221 17.4 26.0 16.9 0.0 16.2 17.4
Pro 19.5 17.3 10.4 12.3 13.4 14.9 8.6

 In addition, 9.1% His.
b Includes corresponding amines.

2.3 The Inducible BR6

The observation by Beermann (1973) that culturing of Chironomus larvae in
media with monosaccharides or some other metabolites like ethanol or glycerol
induces a new BR, BR6, and leads to regression of BR2 (Fig.2) offers a model
for the study of BR gene regulation. In C. pallidivittatus BR6-inducing agents de-
crease the concentration of inorganic phosphate in the larval haemolymph,
whereas gland phosphate levels remain unchanged. The role of the phosphate
level in induction is underlined by the observation that administration of inor-
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ganic phosphate together with BR6 inducers eliminates their inductive action
(Edstrom et al. 1982).

As the sequence of BR6 repeat units was analyzed and compared with se-
quences of BR1 and BR2 genes (Galler et al. 1984; Lendahl and Wieslander 1984),
a lead to the role of phosphate was obtained. In BR6 Glu and Asp code words
are present in BR6 to an extent that is largely sufficient to neutralize the high con-
tent of Lys and Arg. This is not the case for BR1 and BR2 sequences that contain
codons for Ser and Thr, instead of the acidic residues. This suggested that the
phosphate effect in BR6 induction could be related to protein phosphorylation
(at Ser and Thr positions). Indeed, it was found that BR1 and BR2 products (sp-
Ia and sp-Ib) are heavily phosphorylated, mainly at the Ser residues (Galler et al.
1984) in contrast to the non-phosphorylated BR6 product, sp-Ic. Giu (and Asp)
residues mimic the phosphoserines also in steric properties as shown by 3D com-
puter predictions applied to the constant parts of BR1, BR2 and BR6 repeat units
(Hamodrakas and Kafatos 1984). The switch to sp-Ic during phosphate starva-
tion consequently would allow the production of secretory proteins that, al-
though non-phosphorylated, have properties comparable with the proteins se-
creted under normal culture conditions. Galler and Edstrém (1984) also showed
that the nascent sp-I polypeptide chains become phosphorylated already in the
BR1 and BR2 encoded polysomes.

2.4 Sequence Organization of the sp-I Genes

All sp-1 genes identified so far contain tandemly repeated units of 180-300 bp.
About half of the sequence of these repeat units is subrepeated. The non-subre-
peated part has usually 32 codons (Fig. 3). It is called the constant part, since cer-
tain positions are invariant for all repeat units (four Cys, one Met, one Phe), in-
dicating the common origin of these sequences (Fig.3). Repeat units with these
features may be called standard repeat units. The constant parts of all standard
repeat units are highly similar, but the situation for the subrepeated regions is
more complex (Fig. 4), since number, length and sequence of the subrepeats varies
for different repeat units (H66g and Wieslander 1984; Lendahl et al. in prepara-
tion). The standard repeat units can be classified on the basis of the subrepeat ar-
rangements into alpha units (three or six codon subrepeat), béta units (ten codon
subrepeat) and gamma units (seven or eleven codon subrepeat) (Fig. 4). The alpha
subrepeats conserve a high degree of homology within a repeat unit, as well as
between repeats of the same gene. The béta subrepeats, however, show great vari-
ation in individual base positions within and between repeat units, including
amino acid differences (Jackle et al. 1982; Wieslander and Lendahl 1983). The two
known gamma units have almost identical constant parts, but their subrepeats

Constant part of standard repeat unit
consensus features

M Cm e F-———C-C————

Fig. 3. Codon consensus sequence for the constant part of Balbiani ring sp-I genes
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type of
repeat unit constant regions
o BRlp KCGSAMRRVEGERCAARKGRFNDKNCRCTSVG
BRZp ------ K-T-A-K--RKN----S§-R-T=-----
BR2Zt - ----- K-T-AAK--RKN----S-R=-T=-----
BRep - -DDE--ERVKR--DNENR--DARR-E-GEKK
BR6t --DDE--EEVKR--DNENR--DARR-E-GEKK
g BRIp V------- TKA-E--K-N----G------- AN
BRIt V------- TKA-E--R-N----G--=---~-- AN
BR2P ----K----FA-K-----~~-— SASK---F-
BR2t ----K----FA-K-------- SASK---F-
y BRlp - -=----- KA-A-K--R-----~ ANK----- A-
BRIt G------ KA-A-K--R-N----ASK-----~- a-
o ~subrepeats R —subrepeats
BRlp Br2p BR2t BR6p BR6t BRlp
KPS KPS KPS RPE RPD KPSIKSGP|KPE
KPS KHS KPS DND DND R-~--~-=--]---
RPS KPS KHS DED DND R--|--=-~-[--~-
KPS KHS KPS RPE DED R----R-|--5S8
RPS KPS KHS RPE RPE R-E
RPS KHS KPS RPE RPE
RPS KPS KHS RPE RPE BRIt
KPT KHS KPS RPE EPE
RPS KPS KHS EPE RPE KPSIKSGS|KPE
KPT KHS KPS REE RPE R==-}-~RP|--~-
RPS KPS KHS PER RPE R--|--RP|--~-
RPS KHS KPS EP RPE R~—-{---P|---
KPS KPS KHS EPE R--j-~RP|--S8
KPS KHS KPE REE R-E
KPE KPE PER
EP
y-subrepeats BR2p
RPSIRSGL|IRPE
BRlp BRIt -=T|- == =]---
KPS|IKSGP IK P S - -
: RKS|[E--KGSKP - - TIK-=-Sl==-
R------ -PE---}-E- -~
R-—-f---- -~ E---F---- BR2t
R~~=]-=-=-- -PE|l-~~-}]-—~~~—
R -E -PE RPSIWSGI|IRPE
-R-IR-=-Pi--K
G--lk--sl---

Fig. 4. Conceptually translated sequences of sp-I genes from Camptochironomus in the one-letter
code. p and ¢ describe C. pallidivittatus and C. tentans respectively. The first complete repeat units
according to the first published sequence from each species and Balbiani ring have been listed:
for alpha repeats: BR1p (Galler et al. 1984), BR2p (Galler et al. 1985), BR2t (Siimegi et al. 1982),
BR6p (Galler et al. 1984), BR6t (Lendahl and Wieslander 1984); for béta repeats: BR1p (Saiga
et al., unpublished data), BR1t (H66g and Wieslander, unpublished data), BR2p (Galler et al.
1984), BR2t (Case et al. 1983); for gamma repeats: BR1p (Saiga et al. 1987), BR1t (Wieslander
et al. 1982). It can be seen that with the present classification the constant parts become well de-
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have diverged considerably between C. pallidivittatus and C. tentans (Lendahl et
al. in preparation) and contain different numbers of amino acids (eleven for
C. tentans and seven for C. pallidivittatus). The subrepeat structure of the different
repeat units will be discussed in more detail in the next section.

Each repeat unit is present in numbers of 60-120 per BR (the highest values
recorded in BR6). For BR1 and BR2 this accounts for 15-20 kb. However, Galler
et al. (1985) have shown that much larger blocks of DNA, in the range of 30—
35 kb can be isolated from BR2 by digestion of high molecular weight DNA with
restriction enzymes that do not have recognition sites within the repeat unit. Also
the size of the mRNA suggests the sp-I genes to be about 35 kb. Moreover, the
alpha and béta repeats (the only units known for BR2) reside in different sp-I
genes (Galler et al. 1985). The discrepancy between these data cannot be ex-
plained.

It is not known whether an sp-I gene contains more than one type of standard
repeat unit. So far, there is no clone isolated, in which different types of standard
repeat units adjoin. The gamma units might either be present in separate genes,
or they might be restricted to the 3’ part of genes with alpha and béta units in the
remaining part.

2.5 Basic Elements of the Subrepeats

The alpha repeat shows a 3 (or 2 x 3) codon subrepeat structure. By and large
this subrepeat can be formalized as K/R-P-S/E in the one-letter code, or in other
words a Pro (occasionally a His) preceeded by a positively charged and followed
by a negatively charged amino acid (Fig.4). The subrepeated parts of alpha-type
repeat units are entirely composed of such three codon elements. This element is
not only present in alpha units. It is also found in the béta and gamma repeat units
in C.pallidivittatus and C.tentans and usually surrounds the constant parts of
these repeat units. (However, the 5-end of the BR6 constant part is flanked by
an incomplete triplet: E-P.) For the purpose of discussion we here designate this
three codon subrepeat structure s-element. The alpha type subrepeated parts can
thus be formalized as (s),. In C.pallidivittatus BR genes of the alpha type are
found in BR1, BR2 and BR6. In C. tentans alpha type genes are found only in BR2
and BR6 (Lendahl and Wieslander 1985). The subrepeat arrangement in BR6 fits
only partially the typical alpha arrangement. The sequences bordering the con-
stant region are highly degenerate according to this classification.

The subrepeated part of the béta type repeats displays a ten codon periodicity.
Within the ten amino acid stretch two s-elements are found, surrounding a K-S-
G-P sequence (Fig.4), here called the t-element. The béta subrepeat region can
thus be formalized as (s.z.s.), (Table 2). The béta-type genes are found in BR1 and
BR2 of both C. pallidivittatus and C. tentans.

<
<«

fined to 32 codons with the exception of BR2 béta repeats with only 30 codons. For BR6 the
subrepeated region bordering the constant region is highly degenerate according to the present
classification. The number of subrepeats for the gamma repeat unit in BR1p is not yet known
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Table 2. Classification of Balbiani ring
(BR) repeat units (C=constant part; s=K/
R-P-S/E;t=K:S:G-P; u=K-G-S-K-P,
in the one-letter amino acid code)

o Repeat units: [C-s,]

B Repeat units
BR1: [C-(s-t-5),"5]
BR2: [C-(s-t-s)]]

y Repeat units
C. pallidivittatus: [C-s-(t-s),"s]
C. tentans: [C:sy-(s-u-s),]

In both species repeat units have been described that belong neither to the al-
pha nor to the béta type: they are called gamma repeats (Lendahl et al. in prep-
aration). They are similar in their constant parts, but their subrepeated parts dif-
fer considerably. The C. pallidivittatus subrepeat is relatively simple: an s-element
followed by a t-element (Fig.4). The C.tentans sequence is considerably more
complex and contains a new element, K-G-S-K-P, a u-element, surrounded by s-
elements. Gamma repeats have been found at the 3'-end of BR1 genes in both
C. pallidivittatus and C. tentans. The composition of the different repeat units can
be described as in Table 2.

2.6 Sequence Organization of the 3'-End

Recently, 3’-end regions of the BR1 and BR2 mRNA have been isolated in
C. pallidivittatus (Saiga et al. 1987). Genomic clones of 3'-ends of BR genes have
been obtained from C. tentans (H60g et al. 1986) and C. thummi (Biumlein et al.
1986), the results being similar for the three species. Gamma repeats are followed
by a new repeat unit at the 3'-end of BR1. This new unit is as a rule only 18 codons
long and without subrepeats. It has been designated the Cys-1 unit, and is inter-
spersed with constant parts of the standard type repeat unit without the usual ex-
cess of positive charges (Fig. 5). The structure of the Cys-1 unit differs from that
of the other repeat units, although Bdumlein et al. (1986) consider it to be dis-
tantly related to the other BR repeats. This shorter type of repeat unit has an ex-
cess of acidic amino acid codons.

The last Cys-1 repeat is followed by a unique sequence of 111 amino acids,
with physical properties different from those of the giant secretory proteins. The
sequence is non-repetitive and encodes two short blocks of hydrophobic residues
with partial homology. Genomic DNA sequencing, comparison with the cDNA
clones and S1 protection mapping have shown that a small intron of 55 bp length
separates the 3'-end unique sequence from the repetitive BR gene sequences up-
stream in C.tentans. An intron of similar length and location is present in
C. thummi sp-1 genes. Comparison of three clones from the 3’-end region (C. pal-
lidivittatus BR1 and BR2 and C.tentans BR1) revealed that these sequences
downstream from the last constant region have been more strongly conserved



The sp-I Genes in the Balbiani Rings of Chironomus Salivary Glands 77
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Fig. 5. Schematic arrangement of a cDNA clone of the 3'-end of a BR1 sp-I gene in C. pallidivit-
tatus. C,, C, and C; are the constant regions, the black area is the unique, translated region, and
the white area to the right side is the untranslated region. (From Saiga et al. 1987)

than sequences further upstream. There is, furthermore, a decrease in rate of cor-
rected silent mutations in the 3’ direction, the lowest mutation rate being found
in the non-translated region (Saiga et al. 1987). The presence of a homogenizing
mechanism is also apparent in the C. thummi results. Here, two BRc clones show
a high degree of homology up to the point where polyadenylation occurs, after
which all homology disappears. This suggests that the transcript has been used
for gene homogenization.

3 Conclusion and Perspectives

In this review we have focussed on the molecular structure of the sp-I genes
in the BRs and their translational products. The sequences are usually repeated
and have diverged at various hierarchical levels (genes, repeat units, subrepeat
components). It has been proposed (Pustell et al. 1984, for discussion) that the
repeated BR sequences arose from a single founder sequence by duplication,
translocation and diversification. Siimegi et al. (1982) suggested a 9-bp unit
bordering the constant region as a founder sequence for the entire subrepeat re-
gion. Sequence analyses of the 3'-ends of BR transcription units have led to the
identification of a new type of repeat unit (Cys-1 repeat), an intron, and an exon
with a unique sequence that differs markedly from the rest of the sp-I gene. The
Cys-1 repeat may have originated from the founder sequence of the repeat units
(Bdumlein et al. 1986). Finally, there is some evidence that also secretory protein
genes with translational products in the 200 kD range may share sequence fea-
tures with the sp-I genes (Dreesen et al. 1985). The 3'-exon, however, is different
from the repetitive sequences both in origin and in properties. Its evolutionary
constancy is one striking feature to which unconventional sequence correction
mechanisms may have contributed.

Differences in sequence of the kind found between 3'-ends and the cores of the
sp-I genes, or between constant and subrepeated parts of the BR repeat units also
reflect the selective advantage of certain sequence features and thus ask for a func-
tional interpretation. A clear example is given by Galler et al. (1984) for the se-
quence of the BR6 encoded protein that lacks phosphorylated residues and is pro-
duced as a response to phosphate starvation. Hamodrakas and Kafatos (1984)
predict the 3D structure of several conceptual BR amino acid sequences and in-
terprete some of the characteristic aspects of the repeat units (conserved Cys res-
idues in the constant parts, high amount of Pro residues in the subrepeated parts)
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as important factors for the configuration of the large secretory protein. The de-
viant amino acid composition of the BR6 encoded protein could also be inter-
preted in conformational terms by the same approach: the Glu residues in the BR6
product mimic the conformational effect of the phosphoserine residues in the pro-
tein products of BR1 and BR2 (Hamodrakas and Kafatos 1984). The unique 3'-
end exon of the BR genes might also encode a part of the secretory proteins with
a unique conformation and function. A distinct function of this domain would
be likely since its sequence is strongly conserved among the different genes and
also in comparisons of C.thummi with C.pallidivittatus or C.tentans, between
which other known sp-I sequences diverge considerably.

BRs have outstanding features for cytological investigation and the extraor-
dinary dimensions of BRs (Beermann 1962), their nascent and finished transcripts
(for reviews, see Daneholt 1975, 1982), their RNP granules (Andersson et al.
1980; Skoglund et al. 1986) and their polysomes (Francke et al. 1982; Olins et al.
1980) permit many detailed morphological observations.

In eukaryotes, cytological studies were in the past a major tool for the study
of the structure of interphase chromosomes, of the process of transcription and
of the regulation of gene activity. The role of cytology has changed since tech-
niques developed that permit a more direct molecular analysis of eukaryotic gene
regulation. For the BR system the accumulation of molecular descriptions might
offer new opportunities to interprete the unique wealth of cytological observa-
tions. Such an integration of cytological observations with genetic and molecular
data justifies also at present the choice of BRs as a model for the study of gene
expression.
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The white Locus of Drosophila melanogaster

B.H.Jupp!

1 Introduction

In an article entitled Sex Limited Inheritance in Drosophila which appeared in
the July 22, 1910 issue of Science, T. H. Morgan wrote:

“In a pedigree culture of Drosophila which had been running for nearly
a year through a considerable number of generations, a male appeared
with white eyes. The normal flies have brilliant red eyes.”

Morgan went on to describe the inheritance of the new character. A sentence
from a later paper (Bridges and Morgan 1923) reads:

“The first eye-color, and the character first clearly recognized as a sharp
“mutation” in Drosophila was ‘white’, found in April 1910, by Mor-
gan.”

Compare the following paragraph from Lutz (1941), who in 1910, at the Sta-
tion for Experimental Evolution in Cold Spring Harbor, New York, was carrying
inbred strains of Drosophila and studying the inheritance of abnormal wing-vei-
nation patterns:

“Meanwhile something far more worthwhile happened, ... Professor
T.H. Morgan visited the Station and I told him that a white-eyed Dro-
sophila had appeared in one of the pedigreed strains but that I was too
busy with abnormal veins to attend to it. He took live descendants of this
white-eyed ‘sport’ and bred from them. Eventually he got the white eye
back. On working out the inheritance of this character he discovered an
important addition to the Mendelian Laws. Not only that but he and his
students and his students’ students have been breeding descendants of
those Drosophila ever since and have built up a truly magnificent struc-
ture of knowledge concerning the way in which characters are inherited.
This knowledge can be applied not only to the breeding of domestic ani-
mals and plants but to the breeding of Man himself. This little story is
no particular credit to me. If T had realized how valuable that white-eyed
mutant was destined to be, I would not have been happy to give it away.
However, it fell into good hands ...”
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Studies of white locus mutants have indeed played prominent roles in almost
every phase of advancement in 20th century genetics. By virtue of its mode of in-
heritance, linked to sex determination, it was the first gene to be located to a spe-
cific chromosome. As mutations at other X chromosome loci were discovered by
the Morgan group, the concept of linkage and crossingover was developed. Stur-
tevant (1913), with brilliant insight, used the frequency of crossingover between
white and other X-linked genes to deduce relative positions of the marker loci in
the X chromosome and thus constructed the first genetic map.

By 1925, Morgan et al. (1925) reported that approximately 25 separate occur-
rences of mutations at the white locus had been documented and that the mutants
comprised 11 distinct types. This series of “allelomorphs”, as they were then cal-
led, figured prominently in attempts to define the abstract Mendelian unit in op-
erational terms, i.e., as units of mutation (Muller 1920), recombination (Lewis
1952; MacKendrick and Pontecorvo 1952) and function. I cannot here recount
all the details of the role the white locus has played in the development of modern
genetic concepts. It is, however, among the loci most thoroughly studied geneti-
cally, cytologically, biochemically, and molecularly. Those studies have often
yielded pivotal information, as will become evident as we examine the structure
and function of the locus as we understand it today.

2 Genetic and Cytological Position of white

The white locus is located in the X chromosome at map position 1.5 (Lindsley
and Grell 1968). The cytological position is still not settled precisely, although a
large number of deficiency and rearrangement break points in the white region
have been examined cytologically. Lefevre and Wilkins (1966) did a comprehen-
sive study of rearrangements involving the white locus and concluded that it lies
in band 3C2 of Bridges (1938) polytene chromosome map.

Sorsa et al. (1973) examined with the electron microscope the cytogenetic fine
structure of In(1)z%4*°, which has a break point in or near the white locus. Their
results are compatible with the interpretation that white resides in band 3C2 if it
occupies only a small part of the distal edge of the band, because 3C2 or a major
part of it is transferred by this inversion to a new position at 12C but white func-
tion remains in the original 3C position. An alternative explanation they pro-
posed is that another faint band exists between 3C1 and 3C2 in which white re-
sides. This latter view is supported by observations of Lefevre and Green (1972)
and Judd (1976). Goldberg et al. (1982) showed that the break point of In(1)z°4*°
is indeed proximal to the white locus on the molecular map.

In an effort to answer questions about gene size and number in Drosophila and
the relationship between the band/interband units of the polytene chromosomes
relative to units of genetic functions, Judd et al. (1972) saturated the region
around white with mutations and positioned them cytologically. Their cytoge-
netic map indicated that genes in Drosophila have very large sizes averaging about
25 kb of DNA. Further, their data were consistent with the concept that a band/
interband unit corresponds to a unit of genetic function, a concept developed
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largely through the work of Beermann (1972). Further work shows that this re-
lationship is not precise, however (Young and Judd 1978). The molecular cloning
of the entire white locus region (Bingham et al. 1981; Goldberg et al. 1982; Pir-
rotta et al. 1983) and the determination of the nucleotide sequence (O’Hare et al.
1984) has not given any further evidence about the relationship of the gene to the
chromomeres in that region of the polytene chromosomes. The molecular analy-
sis has, however, shed light on the organization of the locus and the nature of
many of the mutations that have occurred there.

3 Molecular Cloning of white

The cloning of the locus was in itself a significant advance in genetic analysis.
A strategy called “transposon tagging” was employed by Bingham et al. (1981)
to recover parts of the gene flanking the site of the insertion of the transposon
copia. 1t had been demonstrated by Gehring and Paro (1980) that a copy of copia
1s found in the distal part of 3C in chromosomes carrying the mutation white-apri-
cot, w*, but not in chromosomes carrying other white alleles or in an X-ray in-
duced partial revertant of w* (Rasmuson et al. 1960). Bingham and Judd (1981)
by fine scale genetic mapping demonstrated that copia in the w* chromosome is
located within the locus between the two alleles white-carrot (w*™) and white-
cherry (w*™) and inseparable from the w® site. With that knowledge, Bingham et
al. (1981) constructed a gene library of w* and screened for those clones contain-
ing homology to copia. By in situ hybridization of those clones to chromosomes
devoid of copia in 3C, a clone containing unique sequences of white locus was
identified.

The original clone was extended on both sides by the molecular cloning of suc-
cessive overlapping fragments. The limits of the white gene were roughly estab-
lished as chromosomal rearrangement break points flanking the locus were
crossed by that molecular walk. Goldberg et al. (1982) also cloned the locus, tak-
ing advantage of a large transposable element containing white and roughest that
had inserted into the third chromosome near the previously cloned heat-shock
puff sequences at 87A7. Pirrotta et al. (1983) employed a remarkably precise dis-
section of the 3C region of polytene chromosomes to isolate and clone the white
locus region.

A physical map of the white locus produced by cleaving DNA with various
restriction endonucleases (Levis et al. 1982; Goldberg et al. 1982) set the stage for
extending to the molecular level the information about the gene structure
gathered over many years of genetic and cytological studies. The numerous alleles
and rearrangements at the white locus exhibit a wide range of phenotypes that
make the locus an excellent model for examining mechanisms of gene mutation,
transmission and regulation.
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4 Phenotypic Expression of the white Locus

Null alleles of white, equivalent to a deletion of the locus, result in the absence
of all but a trace of pigment in the compound eyes, ocelli, testis sheath and larval
Malphigian tubules. Viability and fertility are not significantly affected. White-
eye flies are positively phototaxic, but they fail to perceive or respond to move-
ment around them. In normal individuals pigments of two groups, the drosop-
terins, red in color, and the ommochromes, which are brown, are found in varying
amounts in the pigmented tissues. Intermediate alleles of white modify amounts
of one or both groups of pigments in one or more of the tissues. One of the still
unanswered questions concerns the function of the whifte locus protein and how
it can affect the synthesis or deposition of two unrelated groups of compounds.
From the nucleotide sequence, O’Hare et al. (1984) determined that the mRNA
upon translation would encode a polypeptide of 78,000 Da. The protein would
be rather hydrophilic, particularly so near the C terminus. This suggests that it
might be membrane-associated and therefore could be involved in pigment depo-
sition or pigment granule structure.

5 Genetic and Molecular Fine Structure Map

Bringing together information from the genetic and molecular analyses of the
gene provides a look at the organization of the locus and the nature of the mu-
tational changes characterizing some of the alleles. Figure 1 superimposes the ge-
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Fig. 1. A diagrammatic representation of the map positions and characteristics of selected alleles
at the white locus. The distal part of X chromosome is shown at the top with map positions of
the yellow (), zeste (z), white (w), and roughest (rst) loci indicated. The lower part shows a physi-
cal map of the white locus on coordinates established by Levis et al. (1982) that places the copia
insertion of w® at coordinate 0.0. Sequences are measured in kilobases (kb), negative on the distal
and positive on the proximal sides of w*. Mutants above the line designated with triangles are
associated with insertions of tansposons. See Table 1 for explanations. Open parallelograms des-
ignate deficiencies. Mutants listed below the line are in approximate map positions, but because
they are not associated with major sequence changes have not been accurately positioned on the
physical map. The transcript exons are shown by solid bars connected by lines indicating introns.
The 5’end of the transcript is centromere proximal.
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netic map on a molecular map of the white locus to show the position and the na-
ture of several alleles.

The work of Zachar and Bingham (1982), Collins and Rubin (1982) and Levis
and Rubin (1982) showed that insertional mutagenesis by transposable elements
is a major cause of spontaneous mutation at the white locus. As reviewed by Ru-
bin (1983), this can be generalized to essentially all of the loci in Drosophila that
have been studied at the molecular level. Transposons interfere with gene ex-
pression in a variety of ways, particularly at the level of transcription, and they
also perturb the process of recombination and contribute significantly to chromo-
somal rearrangements. Analysis of some of the transposon-mediated mutations
at white have provided considerable information about the function and regula-
tion of the locus. Consider first some examples of the effects of transposable ele-
ments on gene expression at the level of transcription.

6 RNA Transcripts of white Alleles

In wild type, the major transcript of the white locus is a poly-(A)* RNA about
2.6 kb in length (O’Hare et al. 1983; Pirrotta et al. 1983), which is present in very
low quantity at all stages of development. The total accumulation of this tran-
script peaks at third larval instar at a level of about 0.003% of total poly-(A)*
RNA (Fjose et al. 1984). Smaller, even less abundant transcripts can be detected
at some stages (Pirrotta and Brockl 1984; Fjose et al. 1984). By determining the
nucleotide sequence of more than 14 kb of DNA from the white locus region, and
that of a cDNA clone complementary to white locus, O’Hare et al. (1984) iden-
tified the 3’ end of the transcript and the probable exon-intron structure of the
gene. Further refinement of the gene structure by S1 nuclease mapping (Steller
and Pirrotta 1985) shows six exons with interspersed introns transcribed from co-
ordinates + 3737 (5') to —2233 (3) as diagrammed in Fig. 1.

Table 1 summarizes some of the mutant characteristics and effects of the mu-
tational lesions on transcription. Mutant alleles created by insertion of transpos-
able elements are shown in the figure as triangles positioned at the sites of inser-
tion. Those inserted into exons, such as w8151 1y, 12 1y, 6 and the original w, pro-
duce the null, bleached white phenotype. Exceptions appear to be w® and wh,
which are partial revertant derivatives of w and show some pigment deposition.
The supposition is that the insertion of the original element at w was into a tran-
scribed region §' to the start of translation (Levis et al. 1984), and the w® and w"
alleles are modifications of the original transposon. In w®, Pirrotta and Brockl
(1984) observed only a 2.6 kb RNA much reduced in abundance compared tow ™,
while Levis et al. (1984) saw a 5 kb w® RNA in addition to the 2.6 kb species. It
is possible that both the 2.5 kb and 5 kb species have the same 5’ end with 3’ ter-
mini at different positions within the insertion. The termination of transcription
within the insertion, particularly in the case of retrovirus-like transposons having
long terminal repeats (LTR’s), is a typical pattern for the effects of transposons
on transcription.
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Table 1. Selected white locus alleles

Allele Phenotype Mutation Position RNAs(kb) Reference
wt wild type bright red normal 2.6 a.b
w white white 6kb F +3696 - e
w? apricot yellow orange copia -1 57,125 wbedefe
w4 apricot 4 yellow orange BEL -1 1.0 c.e.h
T buff pale yellow roo —1134 2.1 aceg i
whvx Brownex dark brown - distal to w™f - i
we crimson dark red 9kbFB in w'  +188 - Lk Lm
wt coffee dark brown - distal to wf - i
we! colored dark red-brown - distal to w? - i
wer carrot orange - distal to w* — d.j
wPZL dominant yellow orange 13kbFB +9772 3.9 l.m.n,0
zeste-like

wh honey light yellow 5.7kbF +3696 - e
wha81b11 white copia —1288 - g
w! ivory light yellow 2.96kb dup  +2795to —173 LLp.q
with red 3kbF + 833 2.6 e
Wt satsuma red-brown - distal to w* - §
w'P spotted red spots/orange 100 +4922 2.6; 5.5 c.efogir
w2 spotted 2 red spots/orange  def +4552 to +4668 — gm
w4 spotted 4 red spots/orange  def +4781 to +5850 — g.i,m
weP33 spotted 55 red spotsforange  5.8kb insert ~ +3500 to +4700 none e
w*m zeste mottle brown-red mottle BEL +3428 2.6 & &8s
w* white-6 white 1.1kbP —2025 - i
w*12 white-12 white 1.6kbP -511 - i

References i Lindsley and Grell (1968)

2 O‘Hare et al. (1983) k Green (1967a)

® Pirrotta et al. (1983) "' Collins and Rubin (1982)

¢ Zachar and Bingham (1982) ™ Davison et al. (1985)

4 Bingham and Judd (1981) ? Bingham (1980)

¢ Levis et al. (1984) ° Bingham and Zachar (1985)

f Pirrotta and Brockl (1984) P Karess and Rubin (1982)

& Zachar et al. (1985) 9 Muller (1920)

b Goldberg et al. (1983) T Lewis (1956)

i O’Hare et al. (1984) s Judd (1963)

In those cases where transposons have inserted into introns such as w?, w4
and w* shown in Fig. 1, the mutation is leaky, giving partial pigmentation. In the
case of w? (Pirrotta and Brockl 1984; Levis et al. 1984; Zachar et al. 1985), it ap-
pears that transcripts initiated at the appropriate 5’ site frequently terminate at
one or the other, but primarily the 3’, LTR’s of the transposon. The leaky nature
of the mutation can be explained if some transcription continues through the
transposon with termination at the proper 3’ site of white. Normal splicing would
then remove the transposon transcript to provide a small amount of w*
mRNA.

The w' mutation is a tandem duplication of the major part of the first intron
and extending into the third exon (Karess and Rubin 1982; O’Hare et al. 1984).
This mutant has very lightly pigmented eyes. A partial revertant white-crimson
(w°) arose by insertion of an FB element into the proximal copy of the duplica-
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tion. This proved to be a highly mutable allele (Green 1967 a) with precise exci-
sions of FB giving reversions to w! and excision of the insertion and one copy of
the w' duplication returning the gene to wild type function (Collins and Rubin
1982). One such wild type revertant is w'*4 (Fig. 1) where one copy of the dupli-
cation has been lost and a transposon has been inserted into the first intron of
white (Karess and Rubin 1982).

The insertion of the retrovirus-like transposon roo 5 to the initiation of tran-
scription in w*? has an interesting effect on white locus phenotype (Lewis 1956),
reducing the overall pigmentation of the eye and causing a variegated pattern of
pigmented spots on a light background. Despite the reduction in pigmentation,
Pirrotta and Brockl (1984) and Levis et al. (1984) find the w*® mRNA to be like
that of w* in size, structure, and abundance. This variegated phenotype is also
produced by w*®>>, which is due to a transposon inserted in the region of the 5’
exon of white. No white locus RNA is detected in w*®>3 flies. The mutants w*®2,
w*?3 and w*P* have similar variegated phenotypes and all are due to deletions with
break points in the same 0.9 kb region (Zachar and Bingham 1982) just 1.0-1.9 kb
upstream from the 5 end of white locus transcription initiation (O’Hare et al.
1983). Davison et al. (1985) note that this region has some characteristics similar
to the enhancer regions of SV40 and bovine papilloma virus and thus may exert
positive effects on white locus transcription from outside the transcribed region.

Two other insertions shown in Fig. 1, w*™ and wPZL, will be discussed in ref-
erence to the interaction of the white and zeste loci.

The alleles noted in Fig. 1, that are not associated with detectable insertions
or sequence rearrangements are wB™*, w°, w*!, W and w all of which have re-
duced amount of pigments, and w®>® which is bleached-white in color. There is
no available information about transcripts from these mutant strains.

7 Asymmetrical Crossingover at white Locus

Construction of a fine structure map of the white locus by intralocus recom-
bination experiments gave results consistent with the map in Fig. 1 (see Judd 1976
for review). The picture was often complicated, however, when recombinant clas-
ses other than those expected were recovered from particular crosses (MacKen-
drick 1953; Green 1959; Judd 1959, 1961; Rasmuson 1962). These unusual recom-
binants had characteristics of duplications and deficiencies for all or part of the
white locus and were interpreted as arising from asymmetrical pairing and cross-
ingover within the locus. As it became possible to analyze these unusual products
at the molecular level, transposons inserted in and near the white locus were
shown to be involved in the asymmetrical exchanges. Goldberg et al. (1983)
showed that the unusual products of exchange in w*/w** heterozygotes arose by
pairing of a copy of the transposon BEL that causes the w** mutation with a copy
of BEL located some 60 kb proximal to the white locus in the w® chromosome.
Crossingover within the paired elements thus creates a duplication and a
deficiency of 60 kb. The deficiency has a white-eye phenotype and is viable and
fertile, while the duplication is wild-type except for its interaction with the zeste
(z) locus, a topic that is discussed below.
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Fig.2. A diagram of patterns of synapsis between two chromosomes, w* and w®. The w® chro-
mosome contains two copies of the transposon roo (solid bar). The w™™® chromosome contains
one copy of roo inserted into the transposon copia (open bar). Pattern (a) pairing and exchange
produces reciprocal products shown as the deficiency w®®! and duplication w®®->. Pairing and
exchange of pattern (b) produces reciprocal products w™f, deficient for sequences between co-
ordinates 0.0 and +31.9, and w™®"?, the duplication for the same region. All products give a
white-eye phenotype except w™¢*?, which has a white-buff phenotype. All products are viable and
fertile

Another case of asymmetrical exchange involving transposons has been exam-
ined at the molecular level by Judd and his associates (Davis et al. 1987). From
w /w? heterozygotes, Judd (1959, 1961) reported that none of the expected classes
of recombinants appeared but four classes that were unexpected were recovered.
The molecular analysis showed that the w* chromosome contains a transposon,
roo in the white locus that accounts for the w® mutations and another copy of
roo some 33 kb proximal to the w™ site. The w* chromosome contains a copy of
copia at the w® site but in the strain used by Judd for these experiments a copy
of roo had invaded copia without changing the apricot phenotype perceptibly.
Asymmetrical pairing and exchange between the copies of roo in these chromo-
somes then occurs in two patterns, producing two sets of duplication and
deficiency products as shown in Fig. 2. The molecular analyses of chromosomes
such as these have provided explanations for unusual recombination events that
have been puzzles for decades. Further, the role of transposons in the processes
of mutation and gene transmission has been brought into sharper focus.
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8 Expression and Regulation of white

Several aspects of white locus expression and regulation can be addressed
through mutant phenotypes and the molecular characterization of the normal
and mutant alleles. It should also be noted, however, that a most powerful and
direct approach to these questions has been through the construction of P element
transposon vectors (Spradling and Rubin 1982; Rubin and Spradling 1982) carry-
ing different white locus DNA sequences used to transform flies that were then
tested for various aspects of white locus expression (Hazelrigg et al. 1984; Gehring
et al. 1984; Levis et al. 1985a and b; Pirrotta et al. 1985). It has been established,
most definitively by Levis et al. (1985b) and Pirrotta et al. (1985), that multiple
cis-acting regulatory elements in the 5’ flanking region of the gene are responsible
for the control of expression. These studies show that the DNA sequences re-
quired in cis for normal white locus expression are contained within a 9.9 kb seg-
ment extending from coordinates + 5.6 to —4.3 on the map in Fig. 1.

9 Dosage Compensation

As is the case for most X chromosome genes, white shows a dosage compen-
sation such that males with one copy express the gene as strongly as females with
two copies. Green (1959) noted that mutants unable to compensate for dosage
map to the proximal part of the gene. The transposon constructs of Levis et al.
(1985b) and Pirrotta et al. (1985) identify the region responsible for dosage com-
pensation to be within a few hundred base pairs of the start of transcription, or
possibly within the 5 transcribed region. The alleles that fail to compensate, the
primary one being w*, are located precisely in that region (Fig. 1). The mechanistic
basis for dosage compensation continues to go unrecognized, however.

10 Expression in Testes and Malphigian Tubules

Other aspects of regulation relate to expression of the gene in the testes and
Malphigian tubules. The transformation experiments identify a region necessary
for Malphigian tubule pigmentation that is not necessary for expression in the eye
or in the testes. It is located within a region between 0.74 and 0.22 kb 5’ to the
transcribed region. Testes pigmentation is produced by transposons containing
1.9 kb 5’ to the start of transcription but is not carried out by those carrying only
1.1 kb 5 (Levis et al. 1985b; Pirrotta et al. 1985). The w*** mutation, which is a
deletion beginning about 0.9 kb 5’ to the start of transcription and removing se-
quences upstream from there (Davison et al. 1985), gives unpigmented testes,
while w*®, a roo insertion at about 1.2 kb upstream from the transcribed region,
and w**?, a deletion of about 0.1 kb in that region, appear to enhance testes pig-
mentation (Pirrotta et al. 1985).
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11 zeste-white Interaction

An aspect of white expression that has drawn much attention is its interaction
with the zeste (z) locus. First described by Gans (1953), zeste, only 0.5 map units
distal to white, also affects eye pigmentation, with z!/z' females having lemon-
yellow eye color. The hemizygous z! male on the other hand has wild-type eye
color. Gans determined that this is because the male has only one copy of w*.
Males with tandemly duplicated white loci express a zeste phenotype while homo-
zygous z! females with one white gene deleted are wild-type. Gans also discovered
that some white locus alleles act essentially as dominant suppressors of the zeste
phenotype in homozygous z' females. Green (1959) established that such sup-
pressor alleles map in the proximal portion of the gene, and this was followed
(Judd 1961; Green 1963) with the demonstration that direct tandem duplication
of only the proximal part of w* promotes the zeste phenotype in z! males while
the complementary deletion results in wild-type phenotype in homozygous z! fe-
males.

In her original paper, Gans (1953) had noted that translocations of w* to new
positions produced wild-type phenotype in homozygous z* flies even though two
copies of w* were present and Gelbart (1971) confirmed those results. These in-
teractions were indeed puzzling and became even more so as experiments such as
those of Green (1967 b) were added. Green X-rayed males carrying tandem dupli-
cation or triplication of the proximal part of w* and looked for changes in the
capacity of such a duplication to enhance the expression of z! in males. A total
of 19 cases were recovered where males showed either wild-type or zeste-varie-
gated phenotypes. Cytological analysis of 13 of them showed that all had a chro-
mosome break in or near the white locus. The curious result was that females ho-
mozygous for the rearranged X chromosome were zeste in phenotype while the
males were not.

All these observations neatly fit an interpretation proposed by Jack and Judd
(1979), who presented data that z' and z* are antagonistic in expression and pro-
posed that z! represses w* activity but that the repression is effective only if there
are two or more w* genes in close proximity, i.e., as in chromosomes that can pair
somatically or in tandem array in the same chromosome. Jack and Judd inter-
preted the zeste-white interaction as a version of the transvection phenomenon de-
scribed for certain alleles of the bithorax complex by Lewis (1954). It is of interest
to note here that the z* allele, which is the null state of the locus, acts as an en-
hancer of certain bithorax alleles (Kaufman et al. 1973). Gelbart and Wu (1982)
added further information supporting the transvection model for the zeste-white
interactions and noted that zeste mutations can also interact with the decapentap-
legic gene complex (dpp) in much the same manner as with bithorax. Lifschytz and
Green (1984) and Green (1984) used the zeste-white interactions to search for and
characterize additional classes of mutations at the zeste locus in an effort to ex-
tend the understanding of the regulating mechanisms involved.

The zeste-white interaction has enjoyed considerable attention at the molecu-
lar level. Because the interaction could be perturbed by changing the spatial re-
lationships between w* genes, and because there were specific mutations that do
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not respond to the action of zeste, some of which show some allelic complemen-
tation that also is proximity-dependent (Jack and Judd, unpublished observa-
tions), Jack and Judd (1979) were prompted to speculate that the interaction
might be modulated by RNA produced in the proximal portion of the white locus.
However, studies of the white locus transcripts in z* and z! individuals do not
support this model. O’Hare et al. (1983) showed that the size and abundance of
white locus poly(A)* RNA from adult flies is the same for both genotypes. Es-
sentially the same result was reported by Pirrotta and Brockl (1984). However,
ingham and Zachar (1985) examined transcripts in adult head and body tissues
and reported that in z! flies white transcript is reduced in quantity in heads. The
same effect was noted for the mutant w®Z", which is due to the insertion of a trans-
poson at coordinate +9.77 (Levis and Rubin 1982; Zachar and Bingham 1982;
O’Hare et al. 1983; Pirrotta and Brockl 1984). The wPZL allele produces a zeste-
like phenotype in wPZL/w* and wP?"/wP?" individuals. Its ability to suppress w™*
activity in heterozygotes is, like the z! effect, proximity- or pairing-dependent
(Bingham 1980).

The region of the white gene that is required for zeste interaction has been
identified through the transformation experiments described above by Hazelrigg
et al. (1984), Levis et al. (1985b) and Pirrotta et al. (1985). Those sequences are
positioned in the region between 1.1 and 1.9 kb upstream of the transcribed re-
gion. It is important to note that the w*® alleles that show partial complementa-
tion with other white alleles that is proximity- or pairing-dependent (Jack and
Judd, unpublished observations) are located in this region also.

The mutant w*™, due to the insertion of a transposon near the 5 junction of
the first intron, has an interesting zeste interaction. In z* flies, w*™ produces a
wild-type eye color and the RNA transcript is like that in wild-type. In z!w™
males there is a definite reduction in pigmentation and a mottled pattern of pig-
ment deposition (Becker 1960; Judd 1963); the transcript remains normal, how-
ever (Levis et al. 1984). A spontaneous derivative of w”™ called w* (Becker 1960)
has a definite clonal pattern of wild-type pigmentation on a zeste background in
z'w? males. In z* w? flies, however, the phenotype is completely normal. Another
derivative of this w*™ family involved the transposition of the white and roughest
loci to the left arm of the third chromosome at 61D (Judd 1975). The transposi-
tion called Tp(1—3)w™ created a deficiency, Df{1)w®, in the X chromosome.
Function of white is normal in flies carrying one copy of the transposition. How-
ever, when the transposition is made homozygous in z* flies, pigment is deposited
around the periphery of the eyes grading to zeste color at the center. Various
spontaneous derivatives of the transposition modify the position of the pig-
mented areas around the edge of the eye and the amount of pigment deposited.
Most interesting is that in the z*; Tp( I —3)w™® homozygotes, white function is not
autonomous and the pigmented regions are not clonal in origin. Such shifts from
autonomous to nonautonomous expression are seen in some cases of white locus
transformants using transposon vectors (Hazelrigg et al. 1984; Levis et al. 1985).
This type of expression appears as a part of the zeste-white interaction and seems
dependent on the genomic position where white has been inserted. This neighbor-
hood effect may be a way of exploring the mechanistic basis for the cis and trans
regulation of white locus expression.
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Clearly the last chapter on understanding white locus regulation, particularly
the cis-acting elements that in close proximity to other white genes can have an
effect in trans, has not yet been written. Despite having a complete nucleotide se-
quence of the gene, the ability to design modified versions of the locus and use
them in transformation experiments, and despite all the information about the
transcripts and where and when they are found, we have still a lot to learn about
how the white locus functions. To put it in perspective, however, this gene has
served 20th century geneticists very well indeed. I believe Frank Lutz and Thomas
Hunt Morgan would be pleased.

References

Becker HJ (1960) Variegation in the zeste eye color alleles and its bearing on gene action during
the development of the eye of Drosophila melanogaster. Genetics 45:519-534

Beermann W (1972) Chromomeres and genes. In: Beermann W (ed) Results and problems in cell
differentiation, vol 4. Springer, Berlin Heidelberg New York, pp 1-33

Bingham PM (1980) The regulation of white locus expression: A dominant allele at the white lo-
cus of Drosophila melanogaster. Genetics 95:341-353

Bingham PM, Judd BH (1981) A copy of the copia transposable element is very tightly linked
to the w* allele at the white locus of D. melanogaster. Cell 25:705-711

Bingham PM, Zachar Z (1985) Evidence that two mutations, wPZL and z*, affecting synapsis-
dependent genetic behavior of white are transcriptional regulatory mutations. Cell 40:819—
825

Bingham PM, Levis R, Rubin GM (1981) Cloning of DNA sequences from the white locus of
D.melanogaster by a novel and general method. Cell 25:693-704

Bridges CB (1938) A revised map of the salivary gland X chromosome of Drosophila melano-
gaster. J Hered 29:11-13

Bridges CB, Morgan TH (1923) The third-chromosome group of mutant characters of Drosoph-
ila melanogaster. Carnegie Inst Wash 327

Collins M, Rubin GM (1982) Structure of the Drosophila mutable allele white-crimson, and its
white-ivory and wild-type derivatives. Cell 30:71-79

Davis PS, Shen MW, Judd BH (1987) Asymmetrical pairing of transposons in and proximal to
the white locus of Drosophila account for four classes of regularly-occurring exchange prod-
ucts. Proc Natl Acad Sci USA 84:174-178

Davison D, Chapman CH, Wedeen C, Bingham PM (1985) Genetic and physical studies of a
portion of the white locus participating in transcriptional regulation and in synapsis-depen-
dent interactions in Drosophila adult tissues. Genetics 110:479-494

Fjose A, Polito LC, Weber U, Gehring WJ (1984) Developmental expression of the white locus
of Drosophila melanogaster. EMBO J 3:2087-2094

Gans M (1953) Etude génétique et physiologique du mutant z de Drosophila melanogaster. Bull
Biol Fr Belg (Suppl) 38:1-90

Gehring WJ, Paro R (1980) Isolation of a hybrid plasmid with homologous sequences to a trans-
posing element of Drosophila melanogaster. Cell 19:897-904

Gehring WJ, Klemenz R, Weber U, Klotter U (1984) Functional analysis of the white® gene of
Drosophila by P-factor-mediated transformation. EMBO T 3:2077-2085

Gelbart WM (1971) Cytogenetics of zeste expression in Drosophila melanogaster. Thesis, Univ
Wisconsin-Madison, WI

Gelbart WM, Wu C-T (1982) Interactions of zeste mutations with loci exhibiting transvection
effects in Drosophila melanogaster. Genetics 102:179-189

Goldberg ML, Paro R, Gehring WJ (1982) Molecular cloning of the white locus region of Dro-
sophila melanogaster using a large transposable element. EMBO J 1:93-98



The white Locus of Drosophila melanogaster 93

Goldberg ML, Sheen J-Y, Gehring WJ, Green MM (1983) Unequal crossing-over associated
with asymmetrical synapsis between nomadic elements in the Drosophila melanogaster ge-
nome. Proc Natl Acad Sci USA 80:5017-5021

Green MM (1959) Spatial and functional properties of pseudoalleles at the white locus in Dro-
sophila melanogaster. Heredity 13:302-315

Green MM (1963) Unequal crossing-over and the genetical organization of the white locus of
Drosophila melanogaster. Z Vererbungsl 94:200-214

Green MM (1967 a) The genetics of a mutable gene at the white locus of Drosophila melanogaster.
Genetics 56:467—482

Green MM (1967 b) Variegation of the eye color mutant zeste as a function of rearrangements
at the white locus in Drosophila melanogaster. Biol Zentralbl 86 (Suppl):211-220

Green MM (1984) Genetic instability in Drosophila melanogaster: Transpositions of the white
gene and their role in the phenotypic expression of the zeste gene. Mol Gen Genet 194:275—
278

Hazelrigg T, Levis R, Rubin GM (1984) Transformation of white DNA in Drosophila: Dosage
compensation, zeste interaction, and position effects. Cell 36:469-481

Jack JW, Judd BH (1979) Allelic pairing and gene regulation: A model for the zeste-white inter-
action in Drosophila melanogaster. Proc Natl Acad Sci USA 76:1368-1372

Judd BH (1959) Studies on some position pseudoalleles at the white region in Drosophila mela-
nogaster. Genetics 44:34-42

Judd BH (1961) Formation of duplication-deficiency products by asymmetrical exchange within
a complex locus of Drosophila melanogaster. Proc Natl Acad Sci USA 47:545-550

Judd BH (1963) The genetic fine structure of the mutants z™ and z' in Drosophila melanogaster.
Genetics Today. Proc XI Int Cong Genet 1:3-4

Judd BH (1975) Genes and chromomeres of Drosophila. In: Peacock WJ, Brock RD (eds) The
cukaryote chromosome. Aust Natl Univ Press, Canberra, pp 169-184

Judd BH (1976) Complex loci. In: Asburner M, Novitski E (eds) The genetics and biology of Dro-
sophila 16:767-799

Judd BH, Shen MW, Kaufman TC (1972) The anatomy and function of a segment of the X chro-
mosome of Drosophila melanogaster. Genetics 71:139-156

Karess RE, Rubin GM (1982) A small tandem duplication is responsible for the unstable white-
ivory mutation in Drosophila. Cell 30:63—69

Kaufman TC, Tasaka SE, Suzuki DT (1973) The interaction of two complex loci, zeste and bith-
orax in Drosophila melanogaster. Genetics 75:299-321

Lefevre G Jr, Green MM (1972) Genetic duplication in the white-split interval of the X chromo-
some in Drosophila melanogaster. Chromosoma 36:391-412

Lefevre G Jr, Wilkins MO (1966) Cytogenetic studies on the white locus in Drosophila melano-
gaster. Genetics 53:175-187

Levis R, Rubin GM (1982) The unstable wPZ" mutation of Drosophila is caused by a 13 kilobase
insertion that is imprecisely excised in phenotypic revertants. Cell 30:543-550

Levis R, Bingham PM, Rubin GM (1982) Physical map of the white locus of Drosophila mela-
nogaster. Proc Natl Acad Sci USA 79:564-568

Levis R, O’Hare K, Rubin GM (1984) Effects of transposable element insertions on RNA en-
coded by the white gene of Drosophila. Cell 38:471—481

Levis R, Hazelrigg T, Rubin GM (1985 a) Effects of genomic position on the expression of trans-
duced copies of the white gene of Drosophila. Science 229:558-561

Levis R, Hazelrigg T, Rubin GM (1985b) Separable cis-acting control elements for expression
of the white gene of Drosophila. EMBO J 4:3489-3499

Lewis EB (1952) The pseudoallelism of white and apricot in Drosophila melanogaster. Proc Natl
Acad Sci USA 38:953-961

Lewis EB (1954) The theory and application of a new method of detecting chromosomal rear-
rangements in Drosophila melanogaster. Am Nat 88:225-239

Lewis EB (1956) An unstable gene in Drosophila melanogaster. Genetics 41:651

Lifschytz E, Green MM (1984) The zeste-white interaction: induction and genetic analysis of a
novel class of zeste alleles. EMBO J 3:999-1002

Lindsley DL, Grell EH (1968) Genetic variations of Drosophila melanogaster. Carnegie Inst
Wash 627



94 B.H. Judd: The white Locus of Drosophila melanogaster

Lutz FE (1941) A lot of insects. Putnam, New York

MacKendrick ME (1953) Further examples of crossing over between alleles of the w series. Dros
Inform Serv 27:100

MacKendrick ME, Pontecorvo G (1952) Crossingover between alleles at the w locus in Drosoph-
ila melanogaster. Experientia 8:390-391

Morgan TH (1910) Sex limited inheritance in Drosophila. Science 32:120-122

Morgan TH, Bridges CB, Sturtevant AH (1925) The genetics of Drosophila. Bibliogr Genet II

Muller HJ (1920) Further changes in the white-eye series of Drosophila and their bearing on the
manner of occurrence of mutation. J Exp Zool 31:443-473

O’Hare K, Levis R, Rubin GM (1983) Transcription in the white locus in Drosophila melano-
gaster. Proc Natl Acad Sci USA 80:6917-6921

O’Hare K, Murphy C, Levis R, Rubin GM (1984) DNA sequence of the white locus of Drosoph-
ila melanogaster. ] Mol Biol 180:437-455

Pirrotta V, Brockl C (1984) Transcription of the Drosophila white locus and some of its mutants.
EMBO J 3:563-568

Pirrotta V, Hadfield C, Pretorius GHJ (1983) Microdissection and cloning of the white and 3B1-
3C2 region of the Drosophila X chromosome. EMBL J 2:927-934

Pirrotta V, Steller H, Bozzetti MP (1985) Multiple upstream regulatory elements control the ex-
pression of the Drosophila white gene. EMBO J 4:3501-3508

Rasmuson B (1962) An intragenic duplication in Drosophila melanogaster and its significance for
gene function. Hereditas 48:587-611

Rasmuson B, Green MM, Ewertson G (1960) Qualitative and quantitative analyses of eye pig-
ments and pteridines in back-mutations of the mutant w* in Drosophila melanogaster.
Hereditas 46:635-650

Rubin GM (1983) Dispersed repetitive DNAs in Drosophila. In: Shapiro JA (ed) Mobile genetic
elements. Academic Press, New York

Rubin GM, Spradling AC (1982) Genetic transformation of Drosophila with transposable ele-
ment vectors. Science 218:348-353

Sorsa V, Green MM, Beermann W (1973) Cytogenetic fine structure and chromosomal localiza-
tion of the white gene in Drosophila melanogaster. Nature New Biol 245:34-37

Spradling AC, Rubin GM (1982) Transposition of cloned P elements into Drosophila germ line
chromosomes. Science 218:341-347

Steller H, Pirrotta V (1985) Expression of the Drosophila white gene under the control of the
hsp70 heat shock promoter. EMBO J 4:3765-3772

Sturtevant AH (1913) The linear arrangement of six sex-linked factors in Drosophila, as shown
by their mode of association. J Exp Zool 14:43-59

Young MW, Judd BH (1978) Nonessential sequences, genes and the polytene chromosome
bands of Drosophila melanogaster. Genetics 88:723-742

Zachar Z, Bingham PM (1982) Regulation of white locus expression: the structure of mutant al-
leles at the white locus of Drosophila melanogaster. Cell 30:529-541

Zachar Z, Davison D, Garza D, Bingham PM (1985) A detailed developmental and structural
study of the transcriptional effects of insertion of the copia transposon into the white locus
of Drosophila melanogaster. Genetics 111:495-515



The Genetic and Molecular Organization
of the Dense Cluster of Functionally Related,
Vital Genes in the DOPA Decarboxylase Region
of the Drosophila melanogaster Genome

T.R.F. WRIGHT !

1 Introduction

The presence in the genome of clusters of functionally related genes exhibiting
some sequence homology with each other has generally been interpreted to be due
to the previous occurrence of the appropriate number of gene duplication events
along with varying amounts of subsequent, divergent evolution of the duplicated
genes. Just how far the genes within a cluster have diverged probably has been
dependent on a number of different factors such as how early in the phylogeny
the duplication event occurred, dosage considerations, i.e., the need for large
amounts of more or less identical proteins or RNA molecules, and selective pres-
sures to maintain similar, but new functions. Furthermore, the existence of
clusters of duplicated genes, some of which may include pseudogenes, may be due
to random chance, with the duplications providing no selective advantage or dis-
advantage to the organism (Loomis and Gilpin 1986). On the other hand, clusters
of homologous, but diverged genes with related functions may be maintained in
the genome to facilitate the coordinate or sequential regulation of genes in time
and space.

Gene clusters in Drosophila melanogaster can be classified into four categories;
reiterated genes, gene complexes, functionally but not evolutionarily (struc-
turally) related clusters, and functionally and evolutionarily (structurally) related
clusters. Examples of reiterated genes are the rRNA genes (Long and Dawid
1980) and the histone gene cluster (Lifton et al. 1977). A gene complex is defined
by the presence of two or more adjacent transcription units that interact in cis
with the primary example being the Bithorax Complex (Lewis 1978). There are
very few examples of functionally related but not evolutionarily (structurally) re-
lated clusters that are well-documented. An example is found in the 88F region,
where the indirect flight muscle specific actin gene, act88F, is located within
140 kb of two transcription units which code for tropomyosin isoforms and tro-
pomyosinlike proteins, which are also found in indirect flight muscle (Karlik et
al. 1984). On the other hand, there are numerous examples of gene clusters which
include both functionally and evolutionarily related genes. Some of these are
characterized briefly below.

In Drosophila melanogaster most of the clustered genes which exhibit sequence
homologies code for nonenzymatic proteins. These include the two chorion pro-
tein gene clusters at 7F1-2 and 66D11--15 (Spradling et al. 1980; Spradling 1981),
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the two yolk protein genes separated from each other by 1 kb at 8F-9A (Barnett
et al. 1980) and the three salivary gland glue protein genes within 5 kb of DNA
at 68C (Meyerowitz and Hogness 1982; Crowley et al. 1983). In addition, there
are seven small heat shock protein genes clustered within 15 kb of DNA at 67B
that crosshybridize with each other by means of two conserved regions, one of
which is an 83 amino acid sequence showing strong homology to the mammalian
a-crystallin B2 chain (Ayme and Tissiéres 1985). Another heat shock protein,
hsp70, is coded for by several duplicated genes at 87A and 87C (Moran et al.
1979). Furthermore, there are two clusters of genes within 11 kb of each other at
44D on the right arm of the second chromosome. One cluster includes the four
homologous larval cuticle protein genes plus one pseudogene within 7.9 kb of
DNA (Snyder et al. 1981; Snyder et al. 1982 a). The other cluster consists of three
genes that are 55 to 60% homologous in their DNA sequences (Snyder and
Davidson 1983). These genes, designated H, D, and L, are located within an 8 kb
region of DNA and show no homology with the larval cuticle protein genes 11 kb
away. Sequence analysis shows that a 12 amino acid sequence in all three genes
is “very similar” to the calcium-binding region of myosin light chains, troponin
C, parvalbumin, and calmodulin. The larval cuticle protein genes are expressed
coordinately primarily throughout the third larval instar whereas the H, D, and
L genes are expressed during the first, second, and early third larval instars and
in adults. Thus, although the genes within a cluster are coordinately expressed,
the two clusters located in a 27 kb region of DNA are not (Snyder and Davidson
1983). Although most of the genes in the clusters listed above are coordinately ex-
pressed in the same tissue and at the same time in development or respond to the
same stimulus, i.e., heat shock and/or ecdysone, some individual genes within the
clusters may also be expressed separately at other times and in other tissues, e.g.,
hsp26 and hsp28 in the 67B cluster (Zimmerman et al. 1983), indicating that genes
even within a cluster are subject to differential and multiple regulation (Cohen
and Meselson 1985).

A striking example of differentially expressed genes in a cluster is found in the
tightly linked cluster of seven genes located within approximately 10 kb of DNA
at the 71E ecdysone puff site (Restifo and Guild 1986). All the genes are expressed
in larval or prepupal salivary glands, but six of them are expressed as “late” ec-
dysone genes in prepupae, and in contrast one is expressed as an “intermolt” gene
in late third instar larvae (for a review of ecdysone-induced puffing see Ashburner
et al. 1975). The six “late” genes are arranged as three divergently transcribed
gene pairs with the seventh “intermolt™ gene interspersed between two of the gene
pairs. Restifo and Guild (1986) have yet to detect any cross-homology among the
seven genes, using stringent hybridization conditions. It will be most interesting,
but unlikely, if the six “late” genes continue to show no cross-homology after
lower stringency hybridization and sequencing. Restifo and Guild (1986) suggest
the “intermolt™ gene codes for a salivary gland glue protein and that six “late”
gene code for a group of small molecular weight proteins which accumulate dur-
ing the prepupal period in the pupation fluid (Sarmiento and Mitchell 1982). Thus
with the one exception, this cluster of genes is expressed coordinately at one time
in development and in one tissue and is probably producing related low molecular
weight proteins with similar, unknown functions.
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The serendipity (sry) gene cluster at 99D is an interesting mixture of sequence-
related and unrelated genes (Vincent et al. 1985). Five genes are located within
8.4 kb of DNA with the two flanking genes structurally unrelated to each other
or to the three interior genes. One of the flanking genes codes for the ribosomal
protein rp49, and it and the other flanking gene are transcribed in the opposite
direction from the three internal genes. The three internal genes, beta, alpha, and
delta, in that order 5’ to 3, produce five different, partially overlapping, develop-
mentally regulated mRNA’s which are all present maximally at the blastoderm
stage of embryogenesis. Two of the mRNA’s, D and E, are maternal, being syn-
thesized during oogenesis, while the other three, A, C, and B, appear between 0
and 2 h of embryogenesis. All five are degraded at different times and at different
rates subsequent to the blastoderm stage. mRNA’s E, C, and D are coded for by
beta, alpha, and delta, respectively. mRNA B contains all the beta and alpha cod-
ing sequences plus the spacer sequences between beta and alpha, and mRNA A
similarly contains all the coding sequences for alpha and delta plus the spacer se-
quences between alpha and delta. Vincent et al. (1985) suggest that B and A are
read-through transcripts that fail to undergo 3’ cleavage and polyadenylation.
The conceptualized beta and delta polypeptides are partially homologous, sug-
gesting an evolutionary relationship, but alpha located between beta and delta
shows no homology with them. The functions of the proteins coded for by these
developmentally regulated mRNA’s are unknown.

It should be apparent that the consequences of inactivating by mutation a sin-
gle member of a functionally and structurally related gene cluster would have dif-
ferent phenotypic effects, depending on how the individual genes had diverged
from one another in evolution and whether they had acquired related, but sub-
stantially distinct, functions not provided by any other gene in the genome. If the
different, individual functions are vital, inactivating mutations will be lethal.
Considering the time in development when the beta, alpha, and delta sry genes are
expressed, one would predict that mutations in these genes would be lethal (see
also the Ddc cluster below). If the individual functions are required for normal
female or male fertility, the inactivating lesions will be female and/or male sterile
mutations, €.g., the female sterile mutation f5( 1) 1163 affecting the production of
yolk protein YP1, but not YP2, (Bownes and Hodson 1980; Giorgi and Postleth-
wait 1985) may be just such a mutation (see also the Ddc cluster below). If the
individual genes of a cluster have not diverged significantly, inactivity of members
should have little consequence unless quantitative considerations are critical. For
example, Synder et al. (1982 b) report the inactivation of one of the larval cuticle
protein genes in the 44D cluster by the insertion of a transposable element with
no apparent phenotypic effects. Furthermore, all three clustered salivary gland
glue protein genes in 68C5,6 are dispensable, with no phenotypic effects even
when all three are simultaneously deleted in overlapping double deficiency het-
erozygotes (Crosby and Meyerowitz 1986) probably because other glue protein
genes are active.

The DOPA decarboxylase (Ddc) gene cluster, subject of this chapter, is not
strictly comparable to any of the gene clusters mentioned above. Almost all the
genes in this region are functionally related, being involved in catecholamine me-
tabolism, in the formation, sclerotization, and pigmentation of cuticle, and in fe-
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male fertility. Similar to other densely clustered genes, recent evidence on se-
quence homologies indicates that the genes are evolutionarily related. However,
unlike most other clustered genes investigated to date in Drosophila, sufficient ge-
netic and biochemical information has been accumulated to conclude that most
of the genes in this region have evolved far enough from each other to have ac-
quired separate, vital functions and that the proteins specified are not all struc-
tural proteins, but that at least some of the genes in the region specify related en-
zymes in the same pathway.

2 Genetic, Cytological, and Molecular Organization
of the Ddc Cluster

The Ddc region which encompasses the Ddc gene cluster is arbitrarily defined
by Df(2L)TW130, 37B9-C1,2;37D1-2, an 8- to 12-band deletion near the proxi-
mal end of the left arm of the second chromosome (Wright et al. 1981 a). The un-
certain band count is due to the difficulty of determining the precise site of the
distal breakpoint of Df(2L)TW130 in relation to the four very fine bands 37B10,
11, 12, and 13 (Wright et al. 1981 a). Wright et al. (1981 a, 1982; T.R.F. Wright,
unpublished) have screened more than 23,000 mutagenized chromosomes over
Df(2L)TW130 for recessive lethals and approximately 12,000 mutagenized chro-
mosomes for female sterile mutations. To date approximately 315 “point” muta-
tions have been isolated in this 8—12 band region including 43 mutations isolated
by other investigators. Of these 315 mutations, 282 are lethals assigned to 16 vital
genes (lethal complementation groups), 5 are in the nonvital, visible gene hook
(hk), and 28 are female steriles with 13 alleles assigned to a single female sterile
locus, fs(2) TW1. Thus 18 mutant complementation groups (genes) have been es-
tablished in the Ddc region. Since mutations recovered from among the last 5000
chromosomes screened (mostly mutagenized with both EMS and y-rays) permit-
ted the identification of four of the genes in the region for the first time, one is
reluctant to conclude that the region has been saturated (see also the molecular
data below). Using overlapping deficiencies to localize the genes cytologically, it
is clear that they are not randomly distributed (see Table 1). At the two extremes
seven genes have been localized in the one- to three-band region 37C1,2-C4, no
mutations have been isolated in the one- to two-band region 37C7-D1 and only
two genes have been assigned to the three- to six-band region 37C3-C7. Although
additional deficiencies with breakpoints in the Df(2L) TW130 region have made
it possible to assign the 18 genes to 10 genetic regions (Fig. 1), the cytological lo-
calization of these breakpoints has not further refined the gene-to-band assign-
ments beyond those presented in Table 1.

Approximately 160 kb of DNA in the Ddc region have been cloned (Hirsh and
Davidson 1981; Gilbert et al. 1984; Steward et al. 1984; E. S. Pentz, G. R. Hankins
and T.R.F. Wright, unpublished). The physical location in the cloned DNA of
17 different deficiency breakpoints (11 depicted in Fig. 1) make it possible to as-
sign all 18 genes to defined segments of the cloned DNA (Gilbert et al. 1984; Pentz
and Wright 1986; E.S. Pentz, G. R. Hankins and T.R.F. Wright, unpublished).
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In addition, 12 mutations have been physically located in the cloned DNA by
screening Southern blots for differences in restriction digests of genomic DNA
from a total of 149 of the 315 mutations in the Ddc region. Except for one putative
insertion mutation of kk, all of the physically detected mutations appear to be
small deletions (Gilbert et al. 1984; Pentz and Wright 1986; Black et al. 1987;
G.R. Hankins, J. Kullman, E.S. Pentz and T.R.F. Wright, unpublished). The
sites of six of these small mutations are designated in Fig. 1 by triangles immedi-
ately above the cloned DNA line.

The most striking feature of the Ddc region as shown in Fig. 1 is the location
of at least 13 of the 18 genes in two dense subclusters. The proximal subcluster
includes eight mutually exclusive lethal complementation groups, amd, Ddc,
1(2)37Cc, Cb, Cd, Ca, Cg, and Ce, plus one unmutated transcription unit Cs in
a maximum of 25 kb of DNA of which at least 70% is transcribed. The distal sub-
cluster consists of five mutually exclusive complementation groups, /(2)37Ba, Bc,
Be, Bb, and Dox-A2 in a maximum of 15.5 kb of DNA. In addition, hook may
belong to this subcluster, being grossly located by the insertion mutation in the
7-kb fragment immediately distal to the Df{2L) TW203 breakpoint. Of the four
remaining “scattered” genes in the overall Ddc region cluster, two, /(2)37Cf and
Jf5(2)TW1, have been physically localized fairly accurately and two, /(2)37Bg and
1(2)37Bd, have not (Fig. 1).

Of the 17 segments of DNA in the Ddc region that have been shown to hybrid-
ize to RNA’s or cDNA’s (Hirsh and Davidson 1981; Gilbert and Hirsh 1981; Gil-
bert 1984; Pentz and Wright 1986; Spencer et al. 1986 a; Marsh et al. 1986; M. E.
Freeman, G.R. Hankins, J. Kullman, E.S. Pentz and T.R.F. Wright, unpub-
lished), 11 have been assigned to mutant complementation groups either by the
localization in the DNA of alleles that are small deletions or by the rescue of mu-
tant alleles by P-element-mediated transformed segments of DNA or both. All of
these assignments except the original localization of Ddc by Hirsh and Davidson
(1981) were made with the use of mutations, and the physical site of Ddc was con-
firmed by the intragenic location in Ddc of both Ddc"?7, a 2.3 kb deletion, and
the distal breakpoint of Df(2L)VA17 (Gilbert et al. 1984). Transcriptional units
that have been identified by small deletion mutations are: /(2)37Bb and Dox-A2
in the distal subcluster, amd, Ddec, 1(2)37Ce¢, Cb, and Cd in the proximal sub-
cluster and /(2)37Cf, one of the “scattered” genes (Pentz and Wright 1986; Black
et al. 1987; G.R. Hankins, J. Kullman, E.S. Pentz and T.R.F. Wright, unpub-
lished). Furthermore, rescue of mutations by P-element-mediated transformants
has identified transcription units for /(2)37Ca, Cg, and Ce, and in addition has
confirmed unequivocally the identification of four transcription units, Ddc,
[(2)37Cc, Cb, and Cd (Scholnick et al. 1983; J. Kullman and T.R.F. Wright, un-
published). Of the six unassigned transcriptional units, the 3.5 kb and 0.7 kb units
in the distal subcluster region should eventually be assigned to /(2)37Ba, Be, or
Bc, and perhaps the one in the —45 to —41 region to /(2)37Bg. No small dele-
tions were found in the attempt (Black et al. 1987) to assign /(2)37Bd to either
the transcription unit at —15.4 to —14.6 (Hirsh and Davidson 1981) or the tran-
scription unit designated Cs from —3.7 to —1.5. This latter transcript character-
ized by Spencer et al. (1986 a) is transcribed off the strand opposite from Ddc and
.actually overlaps Ddc by 88 bp at the 3’ terminus (Spencer et al. 1986 b). Since its
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expression is barely detectable in the third larval instar and is maximally ex-
pressed in male testes, and since /(2)37Bd is a larval lethal, it is highly unlikely
that it is the Bd transcript, and therefore we have designated it as Cs with no mu-
tant lesions in it. The Bd transcript might still be the —15.4 to —14.6 transcript
(Black et al. 1987). The last transcription unit, BA, is also devoid of mutant lesions
and is defined by two cDNA clones which hybridize to the —59.4 to — 58.6 region
just proximal to Dox-A2 (E.S. Pentz and T.R.F. Wright, unpublished). Thus
there are at least two transcriptional units for which we have no mutations, Cs
and Bh, and perhaps also the units at —45to —41 and —15.4 to —14.6. Further-
more, both Gilbert (1984) and D.D. Eveleth (personal communication) report
the recovery of cDNA clones that hybridize to the sequence between the 3’ end
of Cc and the 5 end of Ddc, another gene without mutations. In addition,
[(2)37Bg and Bd may be specified by as yet undetected transcription units. Tran-
scription mapping of the entire Ddc region has not yet been completed, and five
of the 18 genes remain unordered relative to each other; /(2)37Ba, Bc, and Be in
the distal subcluster and /(2)37Ca and Cg in the proximal subcluster.

3 The Functional Relatedness of the Genes in the Ddc Region

Evidence on the specific function of the 18 genes in the Ddc region is still far
from complete. However, it is known that at least three of the genes function in
catecholamine metabolism, and on the basis of mutant phenotypes, the functions
of 14 genes, including the catecholamine metabolizing genes, have been inferred
to be required for the formation, sclerotization, and pigmentation of cuticle (see
Fig.2). Mutant phenotypes of many of these genes are surprisingly similar (see
below), suggesting that they are involved in the same physiological process, but
since most of the mutations are lethal, the function of each is indispensable. In
addition, melanotic tumors have been observed in mutant larvae and/or pupae
of eight of the genes, including Ddc and amd, and are, perhaps, symptomatic of
altered catecholamine pools. Furthermore, it has been determined that the activ-
ity of at least ten of the genes in the Ddc region is required for adequate female
fertility. This is a very high concentration of female fertility genes in the Drosoph-
ila genome. Whether or not the female sterility observed derives directly or indi-
rectly from defects in catecholamine metabolism has not been determined. More
detailed information on the function of the genes in the Ddc region is summarized
in the sections below.

3.1 Catecholamine Metabolism

In addition to Ddc two other genes in the Ddc region have been shown to func-
tion in catecholamine metabolism. These are Dox-A42 (Pentzet al. 1986; Pentz and
Wright 1986) and the alpha methyl DOPA hypersensitive gene, amd (Black et al.
1987) (Fig.2). Information on these three genes and the enzymes they specify is
presented below.
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The DOPA Decarboxylase, Ddc, Locus. Ddc (DOPA decarboxylase, 2-53.9+)
located in salivary gland chromosome band 37C1,2 (Gilbert et al. 1984) is the sole
structural gene for the enzyme DOPA decarboxylase (DDC) in the Drosophila
melanogaster genome. DDC catalyzes the decarboxylation of DOPA to dopa-
mine (Lunan and Mitchell 1969) and 5-hydroxytryptophan to serotonin (5-hy-
droxytryptamine) (Fig.2) but not tryosine to tyramine (Livingstone and Tempel
1983). Drosophila DDC is a homodimer with a subunit molecular weight of
54,000 Da (Clark et al. 1978). The dopamine produced by DDC is necessary to
effect sclerotization of the cuticle by being further metabolized both to N-acetyl-
dopamine and N-g-alanyldopamine, which, after oxidation to their respective
quinones, crosslink cuticular proteins (Fig. 2). Thus in adults and white prepupae
more than 90% of the DDC activity is located in the epidermis (Lunan and
Mitchell 1969; Scholnick et al. 1983). Some DDC activity (~ 5%) is found in the
central nervous system of white prepupae and adults, where it produces the neu-
rotransmitters dopamine and serotonin (Wright 1977; Livingstone and Tempel
1983). Limited amounts are also found in the ovaries (Wright et al. 1981 b) and
in the proventriculus (Wright and Wright 1978). By assaying whole organisms
throughout development, five peaks of DDC activity are evident. These occur at
the end of embryogenesis, the two larval molts, puparation, and imaginal eclosion
(Marsh and Wright 1980; Kraminsky et al. 1980). The largest peak, which occurs
at pupariation, is induced by a coincident peak of the molting hormone, ecdysone
(Marsh and Wright 1980), and has been shown to be attributable to a rapid in-
crease in translatable DDC mRNA following administration of 20-OH-ecdysone
(Kraminsky et al. 1980). Administration of a pulse of ecdysone also induces DDC
in isolated imaginal discs (Clark et al. 1986). As yet no causal relationship has
been established between the other DDC peaks and the peaks of ecdysone titer
which precede them.

Most mutations in Ddc are homozygous or hemizygous lethal. The effective
lethal phases (ELP) of the first eight lethal alleles, Ddc™'-Ddc"8, were almost iden-
tical. As hemizygotes over Df{2L)TW130 almost all mortality was exclusively
late embryonic with actively moving larvae, exhibiting unpigmented cephalo-
pharyngeal apparatuses and denticle belts, unable to hatch. When homozygous
there is a fairly uniform shift in ELP with mean mortalities for all eight alleles in
the cross of Ddc"/CyO x Ddc"/cn bw being 13.6% embryonic, 14.1% larval, and
4.8% pupal (Wright and Wright 1978). Many larvae hemizygous for null alleles,
e.g., the 2.3 kb deletion Ddc"®” over Df(2L)TW130, when released from the egg
membranes, will continue development to the 3rd larval instar and even to the
pharate adult stage.

Genotypes which produce individuals with drastically reduced DDC activities
(0.5-5% of wild type) exhibit an “escaper” phenotype characterized by incom-
plete pigmentation and sclerotization of the cuticle (see colored illustration in
Pentz et al. 1986). Developmental time can be prolonged for as many as 4 or §
days and mutant puparia are easily scored by the melanization at each end of the
greenish-gray pupa case. Adults often die or get stuck in the food within 24 h of
eclosion, have macrochaetae that may be very thin, long, and straw-colored or
colorless. The whole adult body remains light, i.e., does not take on its normal
pigmentation: (1) abdominal markings are apparent but do not darken, (2) upon
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aging a few hours wing axillae become melanized similar to the phenotype of the
mutant speck (sp), and leg joints also become melanized, perhaps due to the
phenol oxidase wound reaction brought on by the rupture of weakened cuticle,
and (3) flies walk on their tibiae rather than on their tarsi, but leg movements ap-
pear to be coordinated (Wright et al. 1976 a). Genotypes which produce flies that
exhibit the “escaper” phenotype include heteroallelic intragenic complementing
heterozygotes with less then 5% of the expected number of survivors (e.g., Ddc™®/
Ddc"®, Ddc™3|Ddc™®, Ddc™3 | Ddc™*, Ddc™®|Ddc™?, and Ddc™®|Ddc"*) (Wright et al.
1976 a), hemizygotes of the ts allele Ddc**? raised at 22 °C or 25 °C continuously,
or homozygotes of the ts alleles Ddc™! or Ddc'*? exposed to the restrictive temper-
ature 30 °C for 24- or 48-h pulses at the end of the pupal stage (T.R. F. Wright,
unpublished). To date, 50 mutagen-induced alleles have been isolated, including
five temperature-sensitive alleles, a low activity allele, Ddc'!, (Wright et al. 1982)
and two alleles that affect the developmental expression of Ddc, Ddc** (Estelle
and Hodgetts 1984 a, b) and DdcPE! (Bishop and Wright 1987).

Genotypes with reduced levels of DDC activity, e.g., Ddc">/Ddc"® and Ddc"'/
Ddc"® with less than 4% DDC activity, are not more sensitive to dietary alpha
methyl DOPA, nor are genotypes with increased levels of DDC activity more re-
sistant (Marsh and Wright 1986). In fact, the reverse may be true: reduced DDC,
more resistant; increased DDC more sensitive.

Ddc mutations reduce learning acquisition approximately in proportion to
their effect on enzymatic activity (Tempel et al. 1984). Ddc**? homozygotes and
Ddc*'/Df(2L) TW130 hemizygotes were raised at 20 °C and kept at 20 °C for 3
days after eclosion before shifting to 29 °C for 3 more days. After shifting down
to 25 °C, behavioral assays were run which showed that the associative learning
was reduced significantly. Experience-dependent male courtship depression was
absent in Ddc*'/Df(2L)TW130 (29 °C) males. Although electroretinograms of
Ddc*t/Df(2L) TW130 (29 °C) flies were normal, ~ 5% of the population showed
little positive phototaxis, and negative geotaxis, strength, coordination, walking
ability, and olfactory acuity were normal. The threshold for proboscis extension
in response to sucrose is significantly raised from 0.004 M to 0.025 M sucrose in
Ddc*'/Df(2L) TW130 (29 °C) flies. Memory retention is unaltered (Tempel et al.
1984). Valles and White (1986) have shown that the central nervous systems of
DDC-deficient larvae (Ddc"?”/Df(2L) TW130) are completely lacking in seroto-
nin immunoreactivity. However, in these mutant larvae the same CNS cells,
which if wild type would presumably show serotonin immunoreactivity, are ca-
pable of serotonin uptake from the medium. These results suggest that serotonin
synthesis is not required for the differentiation of these particular specialized
nerve cells.

Ddc was cloned by Hirsh and Davidson (1981). The gene has a 0.1 to 0.3 kb
5" exon, a 0.98 +0.03 kb first intron, a 0.1 4+ 0.05 kb middle exon, a 1.154+0.02 kb
second intron, and a 1.464-0.04 kb 3’ large exon as established by R-loop map-
ping of RNA:DNA hybrids using single-stranded DNA (Beall and Hirsh 1984).
5’ is centromere proximal (Gilbert and Hirsh 1981). Beall and Hirsh (1984) find
five species of poly-(A) " RNA in 16-20-h embryos: 4 kb, 3 kb, 2.7 kb, 2.3 kb, and
2.0 kb. All except the 2.0 kb RNA contain first intron sequences. No Ddc RNA’s
were found prior to 16 h of embryogenesis. At pupariation all RNA species ex-
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cept the 2.3 kb RNA are found, and pre-eclosion adults contain primarily 2.0 kb
and 3.0 kb RNA’s with no 2.3 kb RNA. Presumably the 2.0 kb RNA is a mature
mRNA (see also Gietz and Hodgetts 1985; Beall and Hirsh 1986; Spencer et al.
1986 a). Recently the genomic nucleotide sequence of DDC has been completely
determined along with the partial sequence of two cDNA’s (Eveleth et al. 1986).
Evidence from these sequences suggests the existence of two RNA splicing alter-
natives which would encode two DDC protein isoforms. On the basis of different
thermolability, Bishop and Wright (1987) have provided evidence for the pres-
ence of a different DDC isoform at pupariation in comparison to adult eclo-
sion.

Using the same 7.5 kb PstI restriction enzyme fragment that straddles the Ddc
gene, but using different P element vector constructs, both Scholnick et al. (1983)
and Marsh et al. (1985) have effected the germline transformation of Ddc* DNA
which rescues Ddc mutant homo- and hemizygotes. All except two of the total of
16 transformed strains examined showed approximately normal levels of DDC
activity along with normal tissue and temporal expression of the transposed Ddc
genes. One strain had the expected level of DDC activity at pupariation but un-
expectedly low levels in both sexes of newly emerged adults, and the other strain
gave elevated DDC activities at all stages (Marsh et al. 1985). Of the two X-linked
transformants, one was dosage-compensated (Scholnick et al. 1983) and the other
was not (Marsh et al. 1985).

Hirsh and co-workers (Hirsh 1986) have begun to define the 5 flanking se-
quences necessary for the developmentally regulated expression of Ddc by delet-
ing cloned Ddc in vitro and reintroducing different deletion constructs back into
the genome by P element-mediated transformation. The in vivo developmental
expression of these constructs is then monitored. All Ddc genes containing 208
or more base pairs of 5 flanking DNA appear to be normally regulated. Ddc
genes with just 22 bp of 5’ flanking sequences are not normally regulated but are
expressed using the usual wild-type Ddc RNA start site even though the “TATA”
box sequences are deleted. Hirsh (1986) speculates that use of the normal start site
is regulated by the adjacent Adh gene also present in the P element constructs.
Further reports on this work from Hirsh’s laboratory should be most interest-
ing.

The Diphenol Oxidase-A2, Dox-A2, Locus. Dox-A2 (Diphenol oxidase-A2, 2-
53.9; 37B10-13) is located in the distal subcluster approximately 63 kb from Ddc.
Pentz et al. (1986) report that Dox-A2 function is necessary for the production
of the A2 component of the complex phenol oxidase enzyme and is probably its
structural gene. Mitchell and co-workers (Geiger and Mitchell 1966; Seybold et
al. 1975) have characterized this complex enzyme system as being made up of at
least three protein components, A1, A2, and A3, all of which are activated by a
reaction cascade involving at least three additional proteins. Pre-S interacts with
S-activator to yield S, and then S acts on P to produce P’, which interacts with
the A components to yield active phenol oxidase. The activated enzyme complex
utilizes both monophenol and diphenol substrates. The three A components can
be separated from one another by gel electrophoresis of homogenates prior to ac-
tivation. After electrophoresis the gels are first incubated in an activator solution
and then in a suitable substrate solution. If the substrate is oxidized, pigment is
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deposited in the gel at the A component sites. Monophenol substrates are oxi-
dized primarily by the A1 component and diphenol substrates including DOPA,
dopamine, and N-acetyldopamine by the A2 and A3 components (for methods
see Warner et al. 1975; Rizki et al. 1985; Pentz et al. 1986).

The three lethal alleles of Dox-A42 as heterozygotes over the CyO balancer
chromosome reduce diphenoloxidase activities to 47-79% of wild type and have
no effect on monophenol oxidase activity. Pool sizes of DOPA, dopamine, and
N-acetyldopamine are elevated in a mixture of 1 Dox-42'/Dox-A2': 2 Dox-A2"/
Cy0: 1 CyOQ/CyO 20-24-h embryos in comparison to suitable controls. This in-
cidates that Dox-A2 function is necessary to oxidize these substrates to their re-
spective quinones (Fig. 2) (Pentz et al. 1986). Dox-A42 mutants reduce only the A2
component activity after separation of the A components in polyacrylamide gels.
Thus Dox-A2 may be the structural locus for the A2 component of the diphenol
oxidase enzyme system.

Hemizygotes, Dox-A2"/Df(2L) TW130, of all three Dox-A2 lethal alleles die
during the first larval instar, having normally pigmented mouth parts and denticle
belts and showing no other abnormal cuticular phenotypes. However, the dead
larvae never turn black. A rare Dox-A2' homozygous mutant individual survived
to the pharate adult stage and was released alive from the pupa case by dissection.
The mutant was completely unpigmented, with bristles and cuticle being totally
colorless (see colored illustration in Pentz et al. 1986). This mutant never devel-
oped melanization in the joints of the legs, axillae of the wings or, even when the
very weak cuticle of the abdomen eventually ruptured. The fact that this Dox-421
homozygote never tanned or melanized suggests that normal A2 component must
be present at this stage to have in vivo any functional phenol oxidase activity at
all, i.e., for the A1 and A3 components to be active in vivo also (Fig. 2). The pig-
ment deposited during embryogenesis in the mouth parts and denticle belts of
Dox-A2 homozygotes may be due to the presence of a maternal component, pro-
tein or mRNA, or be due to independent A1 or A3 component activity. No ex-
periments have been done to verify these possibilities.

The Dox-A2" and Dox-A2? alleles are 0.1 kb and 1.1 kb deletions respectively
located within 3.5 to 4.8 kb of the proximal breakpoint of Df(2L)OD15 (Fig. 1)
(Pentz and Wright 1986). A 1.7 kb Dox-42 mRNA has been identified in 15-17-h
embryos, crawling third instar larvae, and 1-4-day-old adults. cDNA clones in-
dicate that the 3’ end is centromere proximal and that the coding region contains
at least one small intron (Pentz and Wright 1986).

The alpha methyl dopa, 1(2)amd, Locus. amd (I(2)amd; alpha methyldopa 2-
53.9+) is located 0.002 centimorgans distal ot Ddc (Wright et al. 1981). As het-
erozygotes, amorphic mutations of amd (amd/ +) are hypersensitive to the dietary
administration of the DDC analog inhibitors a-methyl DOPA (aMD) (Sparrow
and Wright 1974) and N'(DL-seryl)-N2-(2,3,4-trihydroxybenzyl)hydrazine
(Hoffman-LaRoche No. 4-4602/1) (Wright et al. 1976a). It has been demon-
strated that resistance to dietary aMD is directly correlated with amd™ gene dos-
age; the more doses of the amd™ gene the more resistant and vice versa (Wright
et al. 1976 b; Marsh and Wright 1986). This relationship suggests that the in vivo
function of the amd™ protein product is inhibited by the binding of the modified
catecholamine, xMD. Amorphic amd homo- and hemizygotes die as normally
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pigmented larvae both prior to and just after larval hatching. In addition to hav-
ing necrotic, extruded anal organs, these larvae burst very easily when manipu-
lated, suggesting incomplete sclerotization of the colorless body wall cuticle
(Wright 1977). Electron micrographs indicate that the anal organ defect arises
from the incomplete sclerotization of the cuticular suture between anal organ cells
and the normal cells of the epidermis (J. C. Sparrow, personal communication).
Some hypomorphic amd alleles as hemizygotes permit larvae to hatch and com-
plete larval development, forming normally pigmented pseudopupae that are ab-
normally flexible (T. R. F. Wright, unpublished). amd heterozygotes (amd/ +) and
amd intragenic complementing heteroallelic heterozygotes (amd!/amd™®°) do
not affect DDC or dopamine acetyl transferase activity in any way whatsoever;
neither as adults nor as white prepupae, and neither in the epidermis nor the cen-
tral nervous system of white prepupae (Wright et al. 1976 a; Wright 1977; Huntley
1978; Wright et al. 1981 a; E. Y. Wright and T.R. F. Wright, unpublished).

Black et al. (1987) infer that amd activity is necessary for colorless sclerotiz-
ation. They have demonstrated that in catecholamine pools a prominent elec-
troactive compound is missing in intragenic complementary heteroallelic hetero-
zygous adults (amd™! Jamd™®®). This compound has been identified as a catechol-
amine by low resolution mass spectroscopy and other criteria and has been des-
ignated as Catecholamine X. Its complete structure has yet to be solved. Cate-
cholamine X pools are found in embryos at the time of initial colorless sclerotiz-
ation, which is prior to the appearance of DDC activity and dopamine. In Ddc's?
homozygotes at 22 °C which have markedly reduced levels of dopamine, N-ace-
tyldopamine, and N-p-alanyldopamine, levels of Catecholamine X are slightly el-
evated. From these facts, the inference is made that the amd gene codes for an en-
zyme which converts DOPA to Catecholamine X in a separate branch of the path-
way (see Fig.2).

A transcription unit between DNA coordinates —5.7 and —3.75 character-
ized and sequenced by Marsh et al. (1986) has been identified as amd by the de-
termination that the two alleles, amd®” and amd*®, are small deletions of DNA
located between coordinates —4.5 and —3.5 within this transcriptional region
(Black et al. 1987). A 2 kb amd transcript is most abundant at about 12 h of em-
bryogenesis and lower levels are detected throughout most of embryogenesis and
in adult females, but not in males. Unique stage-specific transcripts of 1 kb and
0.6 kb are produced in mid 3rd instar and late 3rd instar, respectively (Marsh et
al. 1986).

3.2 The Formation, Sclerotization, and Pigmentation of Cuticle

Inspection of the gross morphology of the mutant phenotypes at various
stages of development, but particularly at the pharate adult stage, has led to the
conclusion that the function of at least 14 of the genes in the Ddc region are re-
quired for the normal formation, sclerotization, or pigmentation of the cuticle
(see Fig. 1) (T.R. F. Wright, unpublished). In order to inspect the effects of inad-
equate gene activity on the cuticle at the pharate adult stage, hypomorphic and
ts alleles and partially complementing heteroallelic heterozygotes were used for
those genes with effective lethal phases prior to this late stage (Fig. 1).
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Hemizygotes ({/DfTW130) of hypomorphic alleles of /(2)37Be and Bd, and
amorphic alleles of /(2)37Ba and Ce exhibit a very similar phenotype in pharate
adults incapable of hatching. Hemizygotes of hypomorphic alleles of /(2)37Bg
and Bc exhibit what appear to be more extreme manifestations of the same mu-
tant phenotype. For most of these genes, more than one allele will produce the
same phenotype. In the less extreme manifestation, cuticle is incompletely formed
over much or all of the abdomen and in these areas no bristles form and there
are no indications of either segmentation or the normal pattern of melanization.
The epidermis is complete and has probably laid down a thin procuticle without
the layered epicuticle being laid down under it. This is an inference from gross
external observation; no sectioned material has been examined. The expression
can be quite variable and often small or large regions of the abdomen will be
covered by normal cuticle which can include bristles, manifestations of segmen-
tation, and some patterns of melanization even in the /(2)37Ba and Ce amorphic
pupal lethal alleles. In some cases the phenotype is more extreme. For example,
in some /(2)37Bd alleles the incomplete formation of cuticle extends anteriorly,
involving much of the thorax and even parts of the head and eyes. Hemizygotes
of I(2)37Bg* consistently produce pupa cases that are larger and darker than nor-
mal and which contain pupae with this incomplete cuticle formation phenotype
over the entire head, thorax, and abdomen with the curious exception of the geni-
tal disc area, where the cuticle formed is more complete and is tanned. In these
Bg pupae, head eversion is complete but there is no evidence of legs or wings nor
of differentiation of ommatidia. Hemizygotes of /(2)37Bc'" produce distinctly
darker pupa cases and usually show evidence of regions of internal melanization
resulting from the rupture of adult abdominal epidermis. Occasional individuals
have only minor rupturing and when dissected exhibit the above incomlete cuticle
formation phenotype described above. Perhaps Bc!'! usually lays down no cuticle
at all. For all six of the above mutations the thoracic, leg, and head cuticle appears
to be formed, but the thoracic cuticle in particular does not appear normal, i.e.,
appears incompletely sclerotized (T. R. F. Wright, unpublished).

Eclosed adults homozygous for ts alleles of /(2)37Ca and Cc at permissive
temperatures have more or less normal abdominal but abnormal thoracic cuticle.
Although the thoracic cuticle appears to be normally formed, it is not sclerotized
normally. Contractions of the indirect flight muscles deform the thorax so that
the thoracic sutures are particularly prominent and other irregular indentations
are apparent and perhaps due to the collapse of the thorax, wings in Cc* individ-
uals are never expanded and are only occasionally expanded normally in Ca® in-
dividuals. /(2)37Cd hemizygotes that pupate show a similar but less extreme phe-
notype than Cc and Ca. Somatic mosaic patches homozygous for a Ca amorphic
allele exhibit abnormally tiny bristles (C. P. Bishop, unpublished), and Ca' and
Cc* hemizygotes have moderate Minute-sized scutellar bristles. Intragenic com-
plementary heteroallelic heterozygotes of alleles of /(2)37Ca and Cc and Cf “es-
capers” eclose after an extended development time, often are small, usually are
a darker tan color than wild type and have moderate Minute bristles also. The
cuticle of pharate adult hemizygotes of amorphic alleles of 1(2)37Cf appears es-
sentially normal except that the melanized stripes on the abdomen become ex-
tremely dark (T.R. F. Wright, unpublished).
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The mutant cuticular phenotypes of Ddc, Dox-A2, and amd are described in
Section 3.1 above and the phenotype of hook (hooked bristles) is described in
Lindsley and Grell (1968) and Mitchell and Lipps (1978). Except for /(2)37Ba,
Bg, Ce, and Cf, which are pupal lethals, the mutant cuticular phenotypes outlined
above are derived from hypomorphic or ts alleles. For those amorphic mutations
with effective lethal phases prior to pupation no obvious morphological differ-
ences are apparent in whole and dissected homo- or hemizygous individuals ex-
cept for some with melanotic pseudotumors (see below) and except for Ddc and
amd (see above). Many have extended development times and a few are abnor-
mally small or have undersized imaginal discs or other organs (T.R.F. Wright,
unpublished).

3.3 Melanotic Pseudotumors

In Drosophila melanogaster, melanotic tumors are formed by aggregations of
hemolymph cells around foreign substances such as bacteria or parasitic wasp lar-
vae and in numerous mutant strains around various different endogenous tissues
(Rizki and Rizki 1984). These aggregations then melanize. Most of them are not
true tumors (see Sparrow 1978). At least one allele, usually many more, of eight
genes in the Ddc region produces melanotic tumors in hemizygous or homozy-
gous larvae and/or pupae (see Fig. 1). This is the highest concentration of known
melanotic tumor-producing genes in the genome. Why these genes produce mela-
notic tumors is unknown, but it might be related to unusual catecholamine pools
resulting from blocks in catecholamine metabolism. For example, Ddc mutants
may be prone to produce melanotic tumors because of very high pools of DOPA
which could be metabolized to melanin very easily. This then may be an indica-
tion that the genes /(2)37Ba, Bc, Bg, Cc, Cd, and Cf also function in catechol-
amine metabolism in some way.

3.4 Female Sterility

Using hypomorphic alleles that produce a few adult progeny, ts alleles, com-
plementary heteroallelic heterozygotes, and female and male sterile alleles, it has
now been established that the activity of at least ten of the genes in the Ddc region
is required for female fertility and activity of at least four of these is also required
for male fertility (see Fig.1) (T.R.F. Wright, unpublished). This is an unusually
high concentration of female fertility genes in the Drosophila genome, and their
coordinate activity in the ovary might provide a reason for these genes remaining
clustered. Of the remaining eight genes, three, hk, amd, and Ddc, have been tested
using some of the variety of genotypes listed above and have not been shown to
be required for female fertility, even though DDC activity (Wright et al. 1981) and
amd transcripts (K. Konrad and J. L. Marsh, personal communication) have been
demonstrated to be present in ovaries. It has not been possible to obtain adult mu-
tant females to test the other five genes, [(2)37Be, Bb, Bg, Bd, and Cg, for female
fertility (T.R.F. Wright, unpublished).
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Approximately 12,000 mutagenized second chromosomes have been screened
for female sterile mutations over Df{2L) TW130. Eighteen female sterile (fs) mu-
tations and one male and female sterile (mfs) mutation were recovered along with
11 dominant female sterile (Fs) mutations (T. R. F. Wright, unpublished). An ad-
ditional 9 Df{2L)TW130 female sterile mutations have been isolated by other
laboratories; 2 by D. L. Lindsley (personal communication) and 7 by T. Schup-
bach (personal communication) in her global screen of the genome for female
sterile mutations. Of the total 28 fs and mfs mutations in the Ddc region, 9 have
been determined to be alleles of five lethal loci, /(2)37Ba, Bc, Dox-A2,1(2)37Cc,
and Cf (Fig.1) and 13 are alleles of the only nonvital, female sterile locus,
f5(2)TW1, established to date in the Ddc region.

The first fs(2) TW1 allele was identified when the female sterile lesion in the
Ddc*! chromosome (Wright et al. 1981) was subsequently separated from Ddc'*
by recombination. This means that the ovary transplants reported in that paper
established the ovary autonomous sterile phenotype of f5(2) TW1 and not Ddc™!,
and the now inexplicable interactions affecting female fertility reported were be-
tween f5(2) TW1 and the series of Ddc alleles tested as heterozygotes over Ddc™?,
i.e., Ddc™! fs(2) TW1/Ddc*+ . Homo- or hemizygous fs(2) TW 1 females lay many
eggs which remain white and do not develop at all. The gene is the most proximal
one in the Ddc region located distal to the Df{2L)V A6 breakpoint and within
Df(2L)Sd77 in the vicinity of DNA coordinates +49 to + 58. No transcript has
been as yet identified (G. R. Hankins and T. R.F. Wright, unpublished).

As hemizygotes, the three mutations designated as fs alleles of Cf and the one
Cc fs allele show reduced viability particularly at elevated temperatures, and,
therefore, probably are not ovary specific lesions. The fs mutation in /(2)37Ba,
the three in Bc, and the one in Dox-A2 do not reduce viability significantly
(T.R.F. Wright, unpublished) and are good candidates for lesions in ovary-spe-
cific control regions.

It has not been possible to assign the remaining six female sterile mutations
to known loci in the Ddc region because they produce high levels of female ster-
ility when heterozygous over nonoverlapping deficiencies and lethal alleles from
noncontiguous vital genes (T. R. F. Wright, unpublished). Although not complete
yet, cleaning the tester chromosome has not eliminated this problem, which con-
tinues to be investigated because this behavior is what might be expected from le-
sions in regional ovary-specific enhancers.

3.5 Mutations of /(2)37Cf Produce Malignant Brain Tumers

Third instar larvae homozygous for 13 of the 14 /(2)37Cf alleles examined
have enlarged brains (G.R. Hankins and T.R.F. Wright, unpublished). This is
also true for three of the alleles as hemizygotes over Df{2L) TW130. In some cases
the brains are over eight times the normal volume. In each case the enlargement
appears greatest in the presumptive optic center. Although the ventral nerve cord
is unaffected, the eye-antennal imaginal disc may be enlarged in some cases.
Transplantation of pieces of mutant (/(2)37Cf'*) third instar brains into the ab-
domens of wild type adults by E. Gateff (personal communication) results in a
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tremendous proliferation of the transplanted tissue, which fills and bloats the en-
tire abdominal and thoracic cavities with neurons. These cells are invasive with,
for example, metastases in the indirect flight muscle of the thorax. Thus the loss
of I(2)37Cf" function results in the excessive (or precocious?) growth of the brain
hemispheres in vivo and in the malignant behavior of this tissue when trans-
planted into the adult hemocoel.

Most homozygous /(2)37Cf larvae with enlarged brains are able to pupate
and subsequently die as pharate adults. Some carrying hypomorphic or ts alleles
eclose and have very much reduced female and male fertility (G. R. Hankins, un-
published). The latter is a behavioral problem, since the lethargic males will mate
successfully if they accidentally bump into a female (A.C. Kenyon and G.R.
Hankins, unpublished). It has not yet been determined if female infertility is also
a behavioral problem. Catecholamine pools have yet to be assayed for this mu-
tation. It will be most interesting if this mutant phenotype results from a defect
in catecholamine metabolism. This phenotype appears to be unique to /(2)37Cf,
for so far no indication of neural overgrowth has been seen in any other Ddc re-
gion mutation (T. R.F. Wright, unpublished).

4 Sequence Homologies Within the Ddc Region

The structures and sequences of Ddc and amd have been reported by Eveleth
et al. (1986) and Marsh et al. (1986), respectively. The two sequences have been
examined by Eveleth and Marsh (1986) for homologies using computerized dot
matrix analysis. Although amd has only one intron whereas Ddc has two, striking
homology was found between exon II and exon III of Ddc and the two exons of
amd. “Overall approximately 55% of the bases match between the two sequences
(excluding intron regions), however two areas of more extensive homology are
apparent. One area beginning near the second exon of amd is over 80% homol-
ogous over 100 bp and a second run of 124 bp (700 bp from the 3’ end) is approx-
imately 90% homologous” (Eveleth and Marsh 1986). Comparison of the de-
duced amino acid sequences from Ddc and amd show two regions of considerable
amino acid sequence conservation, and analysis of deduced secondary structure
indicates the conservation of considerable structural similarity between the two
proteins. Eveleth and Marsh (1986) conclude that Ddc and amd are products of
a gene duplication event with subsequent divergence to related subspecialties in
catecholamine metabolism. Since the transcripts of the two genes are not found
at the same time in development, Eveleth and Marsh (1986) concluded that they
are not coordinately regulated.

Gilbert et al. (1984) reported that “the region flanking Ddc” (—3 to + 38 not
including amd) “differs from other clusters in that under normal hybridization
conditions there is no detectable intragenic sequence homology”. Recent prelim-
inary results of J. Kullman and T.R.F. Wright (unpublished) using low (55%)
stringency hybridization conditions demonstrate sequence homology in this re-
gion between 1(2)37Cb and amd but not Ddc. In addition, J. Kullman finds low
stringency homologies between sequences from the proximal subcluster and se-
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quences from the distal subcluster and from “scattered” gene regions, e.g., the
transcribed region of Cs crosshybridizes to genomic DNA from the putative lo-
cation of hk and to genomic DNA from the distal subcluster. Furthermore, E.S.
Pentz, G.R. Hankins, and T.R.F. Wright (unpublished) have established that
under high (>80%) stringency hybridization conditions the 0.84 kb Bh cDNA
from the —60 to —58.5 region hybridizes with cloned genomic DNA from the
+40 to +46.1 region containing the coding region from 1(2)37Cf. Also acDNA
from the Cf region crosshybridizes with genomic sequences in the Bb Dox-A2 Bh
region, and a cDNA from Bb crosshybridizes with genomic DNA from the Cf
fs(2)TWI region at low (~ 50%) stringency. Precisely which sequences are in-
volved in the crosshybridizations is still being determined. In conclusion, it is im-
portant to note that there are both intra- and intersubcluster homologies and also
homologies to the “scattered” genes, suggesting that many of the genes in the Ddc
region are evolutionarily related.

5 The Function of Densely Clustered Genes
Individually Transposed to Other Chromosomal Sites

It is possible that dense gene clusters are maintained in the genome because
they provide some selective advantage which is lost when the genes are dispersed.
It might be that one or more densely clustered gene may not function at all if in-
dividually transposed out of cluster, or more likely does function, but subop-
timally. This problem has been approached by using P element-mediated germ
line transformation. Unfortunately, negative results, i.e., reduced function of the
transposed gene, may be due to factors irrelevant to the question, such as inser-
tion site chromosomal position effects, effects due to other genes or DNA co-
transformed in the P element vector, and changes in the DNA of the gene caused
by the experimental manipulations. Thus the analysis of negative results must
perforce become statistical.

In at least two cases genes which have been transposed out of dense clusters
appear to be normally expressed both quantitatively and developmentally at the
proper times in development and in the correct tissues. These two genes are Ddc
(Scholnick et al. 1983; Marsh et al. 1985; Hirsh 1986) and the salivary gland glue
protein gene sgs3 in 68C (Richards et al. 1983; Bourouis and Richards 1985).

Since most of the genes in the Ddc region are vital genes, transposed segments
of DNA can be assayed for their ability to rescue lethal alleles and thereby deter-
mine if the transposed genes function at all, and if they do, make it possible to
assign genes to specific segments of the DNA. However, since as little as 10%
DDC activity permits complete viability and effects a wild-type cuticular pheno-
type, the ability of a transposed segment to rescue lethality does not mean that
the transposed gene is functioning optimally. To determine whether or not trans-
posed genes function optimally, levels of mRNA or protein products must be
measured at different times in development and in the appropriate tissues. The
initial part of this procedure, i.e., transposition and rescue of lethal alleles, has
been completed by J. Kullman and T.R.F. Wright (unpublished) for the “C”
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genes, /(2)37Cc, Cb, Cd, Ca, Cg, and Ce, in the proximal subcluster of the Dde
region.

These six genes are densely packed in approximately 15 kb. /(2)37Ce, Cb, and
Cd are transcribed in the same direction as Ddc. The exact limits of the transcrip-
tional units have yet to be determined. Gilbert (1984) described the isolation of
a collection of densely packed cDNA’s homologous to sequences from +3.7 to
+16.2 which could have been derived from six separate transcription units. In ad-
dition, her Northern analysis of poly-(A)* RNA’s suggested that some RNA’s
may be hybridizing to probes that span at least half the above distance and
beyond. J. Kullman (unpublished) has effected the P element-mediated transpo-
sition of the series of overlapping DNA segments in this region depicted in Fig. 1
and tested their ability to rescue lethal alleles of the six vital genes located in this
region. With a few very important exceptions, the results are straightforward;
normally densely clustered genes can function well enough in ectopic positions to
rescue lethal alleles and thereby permit the genes to be ordered. The exceptional
results include two different cases when after one segment of DNA capable of
rescuing mutations from two different vital genes is divided approximately in
half, neither of the resulting “half”” segments of DNA is capable of rescuing lethal
alleles of either of the two genes. Logically, unless the genes overlap or share one
or more common regulatory elements, at least one of the “half”” segments should
have rescued lethal alleles of one or the other of the two genes. Thus the proximal
subcluster may include two sets of genes in addition to Ddc and Cs which either
overlap or share regulatory elements. These are, however, negative results and
trivial explanations must still be eliminated, but these data of J. Kullman, al-
though preliminary, indicate that the results obtained with Ddc and sgs3 may not
be the final word on the function of individually transposed, normally clustered
genes.

6 Concluding Remarks

Almost by definition, the distribution of most clustered genes violates the one
gene-one band hypothesis (Beermann 1972; Judd et al. 1972; Lefevre 1974; Young
and Judd 1978). In the Ddc region and in numerous examples cited in the Intro-
duction several genes (transcription units) have been shown to be clustered in seg-
ments of DNA less than 10 kb long. Since many of the fine salivary gland chro-
mosome bands in Drosophila contain approximately 10 kb of DNA or less (Beer-
mann 1972; Rudkin 1972), there can not be a unitary gene-to-band ratio for these
clustered genes. Yet there are regions of the Drosophila genome which appear to
approximate, within a factor of 2, a one-to-one gene-to-band correspondence,
e.g., the zeste-white region (Young and Judd 1978), the Adh region (Woodruff and
Ashburner 1979) and the fourth chromosome (Hochman 1976). However, in ad-
dition to the data from the Ddc region (Table 1), Zhimulev et al. (1981b) and
Crosby and Meyerowitz (1986) find nonrandom cytological distributions of genes
in the 10A1,2 and 68A3 to 68C11 regions, respectively, which seriously violate the
one gene-one band hypothesis. The results in all these studies are based primarily,
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but not exclusively, on the distribution of lethal genes (see reviews by Zhimulev
et al. 1981 a and Lefevre and Watkins 1986). On the other hand, Spierer and co-
workers (Spierer and Spierer 1983; Hall et al. 1983; Bossy et al. 1984; Gausz et
al. 1986) have carefully mapped the distribution of transcripts in 315 kb of DNA
in the 87D5 to 87ES5,6 region which includes the rosy and Ace loci. Although this
is a 14-band region and apparent saturation mutagenesis (Hilliker et al. 1980) has
established 12 genes in this region, Spierer and co-workers find that in different
tissues and times in development 43 distinct transcripts are produced by appar-
ently 37 different transcription units (genes) located in this 14-band region. These
transcription units are not uniformly distributed in the DNA with, for example,
18 transcription units in the proximal 63 kb of DNA and only seven units in the
next 153 kb. Also at the cytological level 15 transcription units are represented
as being in the 10-band region 87D5-D14, nine regions of transcription in the
huge 87E1,2-band, and 13 transcription units in the three bands 87E3, E4, and
E5,6 (Gausz et al. 1986). Curiously Bossy et al. (1984) find a 1:1 correspondence
between the number of transcripts isolated from salivary glands and the number
of bands present in the salivary gland chromosomes in this 315 kb region.
Whether this is a significant observation has not yet been determined. Mirkovitch
et al. (1986) have demonstrated that the loop organization as determined by the
position of nuclear scaffold attachment regions in this 315 kb of DNA in Kc cells
does not correspond to the banding pattern seen in the salivary gland polytene
chromosomes.

These data from the 87D,E region, the data from the Ddc region with, for ex-
ample, ten transcription units in 25 kb of DNA in two to three bands along with
the density of transcription units found in gene clusters in general suggest that a
consideration of the ratio of genes to bands will not be useful in determining the
functional significance of bands (chromomeres) (see the extensive discussion by
Richards 1986).

The cluster of genes in the Ddc region is unique for a number of reasons. First,
except for the histone, rRNA, 5sRNA, and tRNA reiterated gene clusters, it is
the largest cluster described to date with at least 18 genes, more than twice as
many as the seven genes in the 67B heat shock gene cluster. Second, although se-
quence homologies do exist among genes in the Ddc region, all 18 genes appear
to have separate functions and mutations in any one of 16 of the genes are lethal.
Third, it is the only cluster in which it has been demonstrated that at least some
of the genes code for proteins with enzymatic functions. Since genes in this region
are evolutionarily related, it is not unexpected that the genes with known en-
zymatic functions, Dde, amd, and Dox-A2, are involved in the same metabolic
pathway, i.e., catecholamine metabolism, but it is remarkable that the three en-
zymes appear to be capable of binding the same substrate, DOPA. In this regard,
it is interesting that in vertebrates a number of catecholamine metabolizing en-
zymes also show sequence homologies (Joh et al. 1984). Fourth, the Ddc region
has a unique organization made up of two dense subclusters along with a number
of “scattered” genes separate from the subclusters, but functionally and evolu-
tionarily part of the Ddc cluster. Except for the known and putative overlapping
genes in the Ddc region, the density of the distribution of genes in the subclusters
is not unusual in comparison to other clusters, e.g., the serendipity and 67B heat
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shock gene clusters. Whether there is any functional or evolutionary significance
to the 88 bp overlap of the 3’ termini of Ddc and Cs remains to be determined,
and the existence of additional examples of overlapping genes in the Ddc region
has yet to be established.

With some exceptions, most genes within a cluster are coordinately expressed
in development, often responding to the same external stimulus. The genes in the
Ddc cluster again appear to be exceptional, for evidence has accumulated which
indicates that the genes in the Ddc region are not coordinately expressed in devel-
opment (Beall and Hirsh 1984; Gilbert 1984; Spencer et al. 19864, b; Pentz and
Wright 1986; Marsh et al. 1986). Therefore, it has been suggested (Eveleth and
Marsh 1986) that the genes in the Ddc cluster are not regulated on the basis of
their being in a chromosomal domain (Weintraub 1985). It may, however, be too
soon to draw this conclusion, for it may yet be documented that at one particular
time in development in one specific tissue (e.g., the ovaries) all the genes in the
Ddc region are coordinately expressed as members of a chromosomal domain,
and that the genes can, however, also be individually regulated at other times in
development and in other tissues (see also the 67B heat shock gene, Zimmerman
et al. 1983; Cohen and Meselson 1985). The regulation of most of the genes as
members of a chromosomal domain at just one time in development could con-
ceivably be sufficiently advantageous to the organism to provide the selection
pressure necessary to maintain the genes in a cluster. Clearly, genes need not be
in a cluster to be coordinately regulated, but clustering could under certain cir-
cumstances be very advantageous, with the primary example being the clustering
of the chorion genes into two domains, which permits their coordinate amplifica-
tion at precise times in oogenesis (Spradling 1981).

It is obvious that the work on the Ddc cluster is incomplete. The biochemical
function of most of the genes still needs to be established in order to document
precisely the extent of their functional relatedness. Many additional genes need
to be sequenced to establish the extent of homologies throughout the region and
perhaps permit inferences to be made on how the cluster evolved. Answers to
questions on whether or not the region is at some time in development regulated
as a chromosomal domain or whether or not any of the genes only function op-
timally in situ within the cluster may permit one to decide whether the cluster is
maintained because of a selective advantage or whether it is just an evolutionary
relic. It does, however, already provide a concrete example of how a portion of
a specialized metabolic pathway has evolved in Drosophila.
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Heat Shock: Puffs and Response to Environmental
Stress

M. L. PARDUE, W.G. BENDENA, and J. C. GARBE!

1 The Heat Shock Response Is a Complex Reaction
to Environmental Factors

The heat shock response was identified by Ritossa (1962), who found that
when Drosophila larvae were placed at temperatures above 36 °C a small number
of puffs were induced on the polytene chromosomes. The puffs regressed when
the larvae were allowed to recover at 25 °C. Beermann’s (1952) analyses of the
tissue and temporal specificity of puffing had already led to the hypothesis that
puffs were morphological manifestations of gene activity. This hypothesis was
strongly supported by the demonstration that a specific gene product, a secretory
granule, was correlated with the presence of a puff at the site of that gene (Beer-
mann 1961) and also by evidence that puffs are the sites of active RNA synthesis
(Pelling 1964). Thus Ritossa concluded that the temperature shock was affecting
the activity of a small set of genes.

Ritossa found that the set of puffs induced by heat shock was also induced
by a number of agents that were believed to deplete cellular ATP (Ritossa 1964).
Other workers have added to this list of inducers (see Ashburner and Bonner
1979, for review) and it now seems that the agents can best be categorized as
stresses. Ritossa reported that heat treatment of isolated salivary glands induced
the same set of puffs induced in intact larvae and that all of the larval polytene
tissues that could be analyzed developed the same set of puffs (Ritossa 1962,
1964). These cytological studies strongly suggested that the response was a prop-
erty of single cells, rather than an organismal response, and that the same set of
genes might be induced in all types of cells. Both of these predictions were con-
firmed later when it became possible to study the response biochemically. Even
cultured cell lines, diploid cells in continuous culture, responded to heat shock
and other stresses, as did cells in the intact organism (Spradling et al. 1975;
McKenzie et al. 1975).

As techniques for biochemical analysis became more powerful, Tissieres et al.
(1974) showed that the appearance of heat shock puffs was correlated with the
appearance of a small set of proteins, the heat shock proteins (hsp’s). That work
has been followed by a large number of studies on the hsp’s, their mRNA’s, and
the genes of the heat shock puffs (see Atkinson and Walden 1985, for review).
These studies have shown that the heat shock response is complex. The complex-
ity is only partly understood. As implied by the heat shock puffs, there is an in-
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crease in the transcription of heat shock genes but there is also a decrease in the
transcription of non-heat shock genes (reviewed by Bonner 1985). There is also
a translational control which inhibits translation of all but the heat shock
mRNA’s (reviewed by Ballinger and Pardue 1985). In addition, some RNA pro-
cessing is affected (Ellgaard and Clever 1971; Rubin and Hogness 1975; Yost and
Lindquist 1986). Severe heat shocks involve changes of normal transcription, pro-
cessing, and translation, but different stresses do not necessarily affect all of these
processes together; slight stresses may induce production of hsp’s without dis-
rupting synthesis of most normal cell products.

The polytene puffs made it possible to observe that a variety of agents induce
the same set of genes in Drosophila. 1t is not possible to do similar analyses on
diploid organisms; however, after the products of the Drosophila heat shock puffs
began to be characterized, it became apparent that heat shocks and other stresses
induced related sets of proteins in animals, plants, and bacteria (reviewed by
Craig 1985). The sequences of the major hsp’s show remarkable evolutionary con-
servation. Other aspects of the response may vary with the life style of the organ-
ism. For example, in Drosophila hsp’s are usually produced at temperatures above
30 °C; mammalian cells, which are normally at 37 °C, must be moved to still
higher temperatures for the induction of hsp’s. A Drosophila heat shock gene
transfected into a mouse cell was not transcribed at 37 °C but was induced by con-
ditions that induced the mouse heat shock genes (Corces et al. 1981). In yeast the
preferential translation of hsp’s is effected by a mechanism different from that
used in Drosophila (Lindquist 1981). The evolutionary conservation of the heat
shock response argues that the response is important to cells of all kinds. What
is known about the biology of the response suggests that it is a homeostatic mech-
anism for coping with environmental change; low levels of induction of the re-
sponse have been correlated with acquisition of thermotolerance in a number of
organisms (see Craig 1985).

The polytene puffs of Drosophila have provided the initial clues to what is
proving to be a highly conserved response of living cells. Much remains to be
learned about both the function of the response and the mechanism(s) involved
in its induction. The first five of the D.melanogaster heat shock loci to be cloned
encoded the major hsp’s (see Craig 1985), raising questions about the functions
of the other members of the set of heat shock puffs. We have recently cloned se-
quences from a sixth puff, 93D (Garbe and Pardue 1986; Garbe et al. 1986). It
appears that the role of this locus is quite different from that of the protein-en-
coding puffs (see below).

2 One Major Drosophila Heat Shock Puff Differs
from the Others in Several Ways

Cytological studies of several Drosophila species have shown that each species
has one major heat shock puff with some characteristics not shared with the other
members of the heat shock set. In D. melanogaster this puff is at 93D on the poly-
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tene chromosomes. In other species the location of this puff is different (2-48B
in D. hydei, 20 CD in D. virilis, 2-58 in D. pseudoobscura), but cytological analyses
strongly suggest that in each species this puffis the 93D-equivalent puff. The 93D-
equivalent puffs are induced as part of the heat shock set, but they are also spe-
cifically induced by several agents, including benzamide, vitamin B6 (although
D.melanogaster is an exception), and colchicine (Lakhotia and Singh 1982).
These puffs contain distinctive large ribonucleoprotein particles and share anti-
genic determinants not seen on other heat shock puffs (Dangli et al. 1983). Al-
though these observations do not tell us the function of the 93D-equivalent puffs,
they show that the puffs are very similar in phenotype.

In situ hybridization of heat shock RNA to polytene chromosomes has been
used to study the D. melanogaster puff, 93D (Lengyel et al. 1980), and the D. hydei
puff, 2-48B (Lubsen et al. 1978). These studies also reveal differences between the
93D-type loci and the other major heat shock loci. Significant amounts of RNA
transcribed from 93D and 2-48B remain in the nucleus. Much of this nuclear tran-
script hybridizes to sequences that cannot be filled by cytoplasmic transcripts of
the locus, suggesting either multiple transcripts or a large, relatively stable nuclear
precursor from this locus. In contrast, transcripts of the other heat shock loci ac-
cumulated rapidly in the cytoplasm but were barely detectable in nuclear RNA
(Lengyel et al. 1980).

In view of the evidence that 93D and 2-48B share many phenotypic character-
istics, one conclusion from in situ hybridization experiments was surprising.
D.melanogaster heat shock RNA hybridized with the hsp-encoding puffs of
D. hydei but there was no hybridization with 2-48B (Peters et al. 1980). Further-
more, heat shock RNA from D. hydei did not cross-hybridize with puffs thought
to be related to 2-48B in other more closely related species. These results sug-
gested that the DNA of the 93D-like puffs might be evolving faster than the se-
quences encoding the hsp’s, a suggestion supported by later sequence analyses
(see below).

3 The 93D Locus Yields Multiple Transcripts

Analyses of cloned DNA show that the heat shock locus at 93D encodes sev-
eral overlapping transcripts (Fig.1), the three most abundant being approxi-
mately 10 kb, 1.9 kb, and 1.2 kb (Garbe and Pardue 1986). The abundance of all
three major transcripts is significantly increased during heat shock; however, all
are also found in non-heat shocked cells where they are also under developmental
control (W. Bendena, unpublished). The appearance of individual minor tran-
scripts may be more dependent on the specific conditions of the heat shock, but
we have not yet completed analyzing this.

The transcribed region of 93D is approximately 10 kb (Fig. 2) and contains a
region of unique sequence and a stretch of 280 base pair (bp) repeats (Walldorf
et al. 1984; Garbe and Pardue 1986). All of the major transcripts are initiated in
the unique region, approximately 2.5 kb from the 280 bp repeats. The 1.9 kb and
the 1.2 kb transcripts terminate before the beginning of the repeats while the
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Fig. 1. 93D-type loci yield multiple transcripts. Three major transcripts are induced by heat shock
(lanes B, C, E, F) and are also seen at a lower level in control cells (lanes 4 and D). The consti-
tutive level of 93D transcripts increases in the later stages of embryogenesis (lanes G-I). RNA
was separated on 1% agarose gels, transferred to filters, and hybridized with 32P-labeled probe.
An autoradiogram is shown. RNA’s were: lane 4, RNA from cultured D. melanogaster cells at
25 °C; lanes B, E, RNA from cultured D. melanogaster cells heat shocked for 1 h; lane D, D. hydei
cells at 25 °C; lanes C, F, D. hydei cells heat shocked for 1 h; lanes G, H, I, non-heat-shocked
D.melanogaster embryos, 0-6 h, 6-12 h, 12-18 h, respectively. Lanes A—D and G—H were probed
with sequences of the 5’ exons of the transcript of the appropriate species. Lanes E and F were
probed with intron sequences from the same species. Within each set of lanes equal numbers of
cells are compared. Numbers indicate the size of the transcripts in kDa
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10 kb transcript contains some 7.5 kb of these tandem repeats. Both the 10 kb
and the 1.9 kb RNA’s are limited to the nucleus. They are relatively abundant,
suggesting that they may play a role in the nucleus rather than simply serving as
precursors to the cytoplasmic species (Garbe et al. 1986).

The 1.2 kb RNA is found in the cytoplasm. It apparently differs from the
1.9 kb RNA by having a 710 bp intron spliced out (Garbe and Pardue 1986). Al-
though much Drosophila mRNA is spliced, the only other Drosophila heat shock
mRNA known to undergo this form of processing is the hsp82 mRNA (Holmgren
et al. 1981). In addition to being spliced, the 1.2 kb transcript is polyadenylated
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Fig. 3. Autoradiograph of low molecular weight polypeptides synthesized in D. melanogaster cul-

tured cells at 25 °C or between 30 and 60 min of heat shock. Polypeptides predicted from the

open reading frames of the cytoplasmic transcript are not seen although large amounts of the

major hsps (e.g., those around 25 kDa) have accumulated. Control cells (lane D) were incubated

in the presence of 3H-labeled (uniformally labeled) amino acids for 30 min. Experimental cells

(lanes 4-C) were heat shocked for 30 min prior to labeling for an additional 30 min. Low mo-
lecular mass protein standards are shown in lane E. (Garbe and Pardue 1986)
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Fig. 2. Molecular map of the D. melanogaster 93D locus and the D. hydei 2-48B locus. Bars repre-
sent the genomic organization of the transcription unit of each species. Open bars show the exon
portions of the unique regions. Cross-hatched bars indicate the introns and solid bars the tandem
repeats. Short arrows in the center indicate the direction of transcription. Upper and lower figures
expand the regions that give rise to the two smaller transcripts for each species. Restriction en-
zyme sites are indicated as follows: A, AsuII; C, Cla I; H, Hind III; N, Nar I; P, Pst I; S, Sal I;
Sa, Sac I; Sc, Sca I; Sn, Sna BI; St, Stu I; X, Xba 1. Numbers below the lines indicate the approxi-
mate numbers of nucleotides in each block
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and thus has two of the features usually associated with mRNA. Surprisingly, the
sequence of this RNA does not appear to encode a heat shock polypeptide. The
longest open reading frame beginning with a methionine codon would encode
only 34 amino acids. Open reading frames of that length would be expected to
occur by chance in the Drosophila genome. In fact, the nontranscribed strand of
the 1.2 kb sequence would yield longer open reading frames than found in the cy-
toplasmic RNA (Garbe et al. 1986).

Although we have not made an exhaustive search for the polypeptides pre-
dicted from the open reading frames in the 1.2 kb cytoplasmic RNA, we have
looked carefully for such small polypeptides during the first hour of a 36 °C heat
shock. During this time the 1.2 kb transcript shows a pattern of accumulation
similar to that of the other hsp mRNA’s. We detect abundant synthesis of the ma-
jor hsp’s but no small heat-induced polypeptides (Fig. 3). It seems most likely that
the 1.2 kb mRNA does not function as an mRNA; however, it is possible that the
translation product turns over too rapidly to be detected or that the RNA is trans-
lated only under special conditions.

4 93D-Equivalent Loci Have a Rapidly Diverging Sequence
but a Conserved Structure

Studies of cloned DNA from 2-48B had shown that the locus has several kb
of a 115 bp repeat (Peters et al. 1984) and a 9.4 kb transcript that included these
repeats (Peters 1983). These similarities to the 93D locus prompted us to recon-
sider the lack of cross-hybridization reported for heat shock RNA (Peters et al.
1980). When the small subclones used to sequence the D. melanogaster locus were
hybridized to DNA cloned from 2-48B, one subclone showed relatively strong hy-
bridization, even at high stringency (Fig.4). Surprisingly, this subclone was from
the intron region, a region which has been reported to diverge more rapidly than
exons, even in the hsp 82 gene (Blackman and Meselson 1986). Two exon sub-
clones gave much lower hybridization. No detectable hybridization was seen with
the rest of the subclones from the exon regions, even when hybridization was done
at much reduced stringency.

The sequences homologous to the 93D intron were located about 2 kb from
the 115 bp repeats of 2-48B, in a site analogous to the intron site of 93D. We have
used subcloned fragments of this region of homology and of the surrounding se-
quences to show that 2-48B, like 93D, yields multiple transcripts (Fig. 1). We have
concentrated on the three predominant transcripts. In both D. melanogaster and
D. hydei these are two nuclear RNA’s (9-10 kb and 1.9-2.0 kb) and one cytoplas-
mic RNA (1.2-1.35 kb). Sequence analysis confirms the earlier hybridization re-
sults (Fig. 5). The most striking region of homology is a 59 bp segment at the 3
end of the intron, extending slightly into the 3’ exon. There are other much smaller
stretches of homology around the 5’ splice site, the polyadenylation site, and near
the 5’ end of the transcript. The regions at the 5’ end also show homology to con-
served regions of the heat shock mRNA’s (Garbe et al. 1986; Holmgren et al.
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Fig.4. Autoradiograph showing strong cross-hybridization of 93D intron sequence with DNA
from D. hydei 2-48B. Weaker cross-homology is seen with fragments 3’ and 5’ to the D.melano-
gaster intron. Other regions of the 1.2 kb transcript show no hybridization to D. hydei DNA.
D. hydei cosmid cDh171 was digested with Eco RI and Hind III (right lane of each pair) or with
Eco RI and Xba I (left lane) and then separated on a 0.7% agarose gel (4 shows ethidium stained
sample of gel lanes). Seven replicas of the two gel lanes were transferred to membranes and hy-
bridized with small fragments of the sequence of the D. melanogaster 1.9 kb transcript. B, C, and
D are autoradiograms of 3 membranes after hybridization. Lane D was hybridized with the in-
tron fragment. Lane B was hybridized with a cDNA fragment 200 bp 5’ to the intron. Lane C
was hybridized with a fragment containing sequences flanking the intron. Hybridization strin-
gency was set by washes in 0.3 M NaCl/0.03 M sodium citrate, pH 7.0 at 60°. (Garbe and Pardue
1986)

1981; Hultmark et al. 1986). The cytoplasmic transcript of 2-48B, like the anal-
ogous transcript of 93D, has only a few very short open reading frames and prob-
ably does not encode a protein.

The short tandem repeats are strikingly homogeneous within each species
(Peters et al. 1984; Garbe et al. 1986) yet the repeats of 93D differ from those of
2-48B in both length and sequence. The longest region of homology that can be
detected is nine nucleotides, ATAGGTAGG. Interestingly, this sequence is pres-
ent once in the 115 bp repeat and twice in the 280 bp repeat, thus making the con-
centration and distribution of the sequence approximately the same on the two
RNAs. If the sequence acts as some sort of a recognition site, the 93D transcript
and the 2-48B transcript might be equivalent in function.
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5 Conclusions

Polytene puffs have been important for the study of the heat shock response
because they allow the set of coordinately controlled genes to be visualized when
they are induced. As expected, some of the puffs contain genes coding for the ma-
jor polypeptides produced during the response. These loci have all been identified
and cloned. One of the unanswered questions about the heat shock response con-
cerns the functions of the remaining puffs. Our studies of one of these, 93D and
its counterparts in other species, are revealing a locus for which evolutionary con-
straints appear to be somewhat different from those on protein-encoding loci.
Only small segments of the nucleotide sequence are conserved but the number,
size, and structure of the transcripts are conserved. The most striking sequence
homologies between 93D and 2-48B occur in portions of the transcripts that re-
main in the nucleus. In addition, the nuclear transcripts are relatively more abun-
dant than the typical precursor RNA. These observations suggest that transcripts
of the 93D-type loci play roles both in the nucleus and in the cytoplasm. One in-
triguing possibility is that the locus might act to coordinate one or more events
in the two cell compartments.
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The Y Chromosomal Lampbrush Loops of Drosophila

W. HENNIG !

1 Introduction

In 1961, Meyer, Hess and Beermann published a description of “phase-spe-
cific functional structures in spermatocyte nuclei of Drosophila melanogaster and
their dependence on the Y chromosome™. This paper initiated extensive research
work on the Drosophila Y chromosome, which is based on the discovery of lamp-
brush loop-like structures in primary spermatocyte nuclei. These nuclear struc-
tures in spermatocytes of Drosophila proved to be a general phenomenon, at least
in the genus Drosophila (Hess and Meyer 1963 b; Hess 1967). They were recog-
nized, on the basis of studies on spermatocytes of Drosophila hydei, as lampbrush
loop-like active genetic loci related to the male fertility factors, which reside in the
Y chromosome (Meyer 1963; Hess and Meyer 1963 b). By cytogenetic means Hess
(1965) established a chromosome map of the Y chromosome of Drosophila hydei
(Fig. 1). According to this map, one of the lampbrush loop-forming genes is lo-
cated in the short arm of the Y chromosome, while four others reside in the long
arm. These lampbrush loops in the long arm are clustered in two regions, one
close to the kinetochore and one close to the end of the long arm (Hess 1965a).
The Y chromosome, in addition, carries two nucleolus organizer regions, one at
each end (Meyer and Hennig 1974 a; Hennig et al. 1975).

The detailed genetic mapping of male fertility genes in the Y chromosome of
D. hydei revealed that each lampbrush loop is correlated to only one complemen-
tation group (Hackstein et al. 1982). This is surprising, since each of the loops
must accommodate large amounts of DNA (Hennig et al. 1974 a) and giant tran-
scripts can be assigned to the loops (Hennig et al. 1974b; Meyer and Hennig
1974 b; Glatzer and Meyer 1981; Grond et al. 1983; de Loos et al. 1984). Addi-
tional genetic loci were discovered in the Y chromosome, which are essential for
male fertility, but which form no obvious lampbrush loops in the spermatocyte
(Hackstein et al. 1982). Loci other than those required for male fertility have not
been discovered in the Y chromosome.
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134 W. Hennig

Fig. 1. Cytology and schematic explanation of a primary spermatocyte nucleus of Drosophila hy-
dei. a Phase contrast picture of a wild-type nucleus. All visible material inside the nucleus except
the nucleolus (Nu) belongs to Y chromosomal lampbrush loops. Autosomes and the X chromo-
some are not visible (see Fig.2). b Diagramatic explanation of a. The structural relationship of
the loops is indicated. Since the loops are formed during the first meiotic prophase, they are pres-
ent in duplicates because the Y chromosome contains two chromatids. ¢ Diagram of one chro-
matid (related to the scheme shown in b). The kinetochore (K) divides the Y chromosome into
a long (to the left) and a short (right) arm. The long arm carries five loop-forming sites, the short
arm only one. [Note: the cones (Co) have recently been identified as an independent transcription
unit, which is most likely related to complementation group B. Huijser and Hennig, unpublished
data]. d Location of the complementation groups in their relationship to the lampbrush loops
(Hackstein et al. 1982). Only loci A-C, N, O, and Q are related to loop-forming sites. The residual
complementation groups are indicated below in the approximate location relative to the loops.
The locations of the loops are not shown in their correct positions on the chromosome. C/ clubs;
Co cones; K kinetochore; NO nucleolus organizer region; Ns nooses; Nu nucleolus; Ps pseudo-
nucleolus; Th threads (d distal part; p proximal part); 7r tubular ribbons. A-Q complementation
groups. YL long arm, YS short arm of the Y chromosome. (Hackstein et al. 1982). Bar represents
10 um
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2 Structure of the Y Chromosomal Lampbrush Loops

2.1 Morphology of the Y Chromosome

The initial studies of the Y chromosomal lampbrush loops were concentrated
on their ultrastructure and their cytology (see Hess and Meyer 1968). These stud-
ies revealed the close structural relationship to particular lampbrush loop pairs
in amphibian oocytes, called the giant granular loops (Meyer 1963). A confirma-
tion of this homology between the nuclear structures in Drosophila spermatocytes
and oocyte lampbrush chromosomes was obtained from autoradiographic stud-
ies (Hennig 1967) which demonstrated that the loops incorporate *H-uridine, as
must be expected for transcriptionally active loci. Consistent with the idea of an
uncoiled DNA constitution in active chromosomal regions, the DNA concentra-
tion was found to be extremely low since studies of *H-thymidine incorporation
yielded low levels of labeling in Y chromosomal regions (Hennig 1967). Several
alternative models of the Y chromosome constitution in primary spermatocytes
had been discussed by Meyer (1963). The observation of direct connections be-
tween most of the lampbrush loops in spermatocytes by Hennig (1967) and some
other arguments are, however, in favor of the “open chromatid model” displayed
in Fig. 1. This model has found substantial support by the observation that con-
densed Y chromosomal DNA cannot be detected in spermatocyte nuclei even
with highly sensitive techniques such as staining with fluorescent dyes (Kremer

Fig.2. The DNA in the spermatocyte nucleus can be visualized by staining with the fluorescent
dye DAPI. The autosomes (A) are highly fluorescent and so is the nucleolus region (¥). The auto-
somes are located close to the nuclear membrane, while the Y chromosomal loops engage most
of the nuclear volume. Under the conditions of short exposure of the print, as shown in a, the
DNA axis can be recognized within some of the lampbrush loops. Large arrowheads point to-
ward the slightly coiled DNA axis of the clubs (CI), the small arrow points toward the DNA axis
of parts of the tubular ribbons (7r). Designation of the loops as in Fig. 1. (Kremer et al. 1986).
Bar represents 10 pm
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et al. 1986). Recently, the exact location of DNA in some of the Y chromosomal
lampbrush loops could be established by fluorescence techniques (Kremer et al.
1986) (Fig.2). The “open chromatid model” proposed for the Y chromosome of
Drosophila hydei (Hennig 1967) is, therefore, valid.

The Y chromosome of D. hydei contains 9.5% of the genomic DNA (approx-
imately 40,000 kb DNA) (Zacharias et al. 1982). The genetic mapping of fertility
genes in the Y chromosome (Hess 1965a) led to the conclusion that relatively
large portions of the Y chromosome are devoid of genes. In this respect, the ap-
parently complete decondensation of the Y chromosome during the first meiotic
prophase is unexpected. Two explanations are possible. Either the decondensa-
tion is not of functional relevance or the decondensation displays functional ac-
tivity of the region of the Y not involved in lampbrush loop formation. It is, at
present, impossible to exclude this latter possibility.

2.2 Molecular Composition of the Loops

From the ultrastructural studies of Meyer (1963) and Grond et al. (1984), the
following general picture of the lampbrush loop morphology emerges. Conven-
tional histochemical methods are not sufficient to demonstrate the presence of the
DNA. Therefore, only a negligible portion of the loop material consists of DNA.
Consequently, the DNA must be highly decondensed. This is consistent with the
structure established for oocyte lampbrush chromosome loops. The overwhelm-
ing amount of material in the loops is protein. Immunological investigations re-

Fig. 3. Transcripts of the lampbrush loops nooses as seen after Miller spreading. Note the high

degree of secondary structure and the association with protein granules (short arrowhead). The

DNA axis is identified by a large arrowhead. (Electron micrographs of Siegmund and Hennig,
unpublished). Bar represents 5 pm
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vealed that different types of proteins must be distinguished. First, the loops con-
tain proteins as they are associated with RNP particles. This has been demon-
strated by Glitzer (1984), who found immunological cross reaction with anti-
bodies directed against RNP-associated protein from D.melanogaster (Risau et
al. 1983). These observations agree with the observations from ultrastructural
studies which showed that RNP particle-like components are found in all the dif-
ferent lampbrush loop pairs (Meyer 1963; Grond et al. 1984).

The large amount of protein within the loops must, however, include other
protein components, since most of the protein is not found in an RNP particle-
like material (Meyer 1963; Grond et al. 1984). At least some of these proteins are
basic proteins (Meyer 1963), which are loop-specific and may represent proteins
important in the process of the substitution of chromosomal proteins, which is
typical for male germ cell development (Hulsebos et al. 1984; Kremer et al. 1986;
for discussion see Hennig 1985, 1987).

As active transcriptional sites, the Y chromosomal lampbrush loops should
also contain RNA. The presence of newly synthesized RNA has been established

Fig. 4. Scheme of the composition of three lampbrush loop types of D. hydei. Left threads; middle
clubs; right noose. The direction of transcription is indicated by large arrows. The models are
based on the cytology of the loops as seen in Fig. 5 and the information from autoradiography
after >H-uridine incorporation (Hennig 1967), transcript in situ hybridization experiments, ultra-
structural analysis (Meyer 1963; Grond et al. 1984) and Miller spreading experiments (Grond
et al. 1983; de Loos et al. 1984). The different secondary transcript structure within the loops
is not shown. The accumulating proteins are indicated (cf. Fig. 6). For details of the general loop
morphology compare Fig. 5
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Fig. 5. Cytology of the lampbrush loops which are schematically shown in Fig. 4. The spermato-
cyte nuclei are from males with partial deletions of the Y chromosome to allow easier identifi-
cation of details of the loops. a Only threads (T#), cones (Co) and pseudonucleolus (Ps) are pres-
ent. The different parts of the threads (diffuse: short arrow; compact: long arrow) can be clearly
seen (cf. Fig. 1 a). The direction of transcription of one of the loops is identified in all three nuclei
by an arrowhead. b Clubs (Cl), tubular ribbons (77) and nooses (Ns) are present. Note the more
diffuse distal sections (arrows) of the clubs which are connected to the tubular ribbons. ¢ Only
nooses (Ns) are present. Note the asymmetry. The nooses became only visible in aged cytological
preparations since in vivo they are more diffuse (cf. Fig. 1). The refractivity is the result of some
aggregation of the loop material. N nucleolus. (Photographs: Hennig, unpublished). Bar repre-
sents 10 pm

by autoradiography (Hennig 1967; Grond et al. 1984). Compared with the large
amounts of protein, the proportion of RNA is, however, small. At the ultrastruc-
tural level, RNA has been identified in the RNP particle-like components of the
loops (Grond et al. 1984). The most informative details on transcripts in the loops
have, however, been obtained by Miller spreading experiments. The first studies
revealed an extremely large size of the transcribing molecules (Meyer and Hennig
1974 b; Hennig et al. 1974 a). These data were confirmed by Glitzer and Meyer
(1981). In further studies Grond et al. (1983) and de Loos et al. (1984) discovered
a highly loop-specific transcript pattern. Not only the distances between the tran-
scripts and the size pattern of transcripts turned out to be highly loop-specific,
but also the secondary structure of the transcripts is characteristic for each loop.
This is evident for the loops nooses (in the short arm of the Y chromosome), the
pseudonucleolus and the threads (distal in the long arm, see Fig. 1). Also for the
clubs (proximal in the long arm) a loop-specific transcript pattern has recently
beeen established (Suijkerbuijk and Hennig, unpublished data). Thus, each loop
is characterized by transcripts of giant size and highly loop-characteristic second-
ary structure (Fig. 3). It can be calculated from the cytological length of the loops
(Hennig et al. 1974 a) that their sizes agree with the amounts of DNA expected
to be active within the loops as estimated from the Miller spreading experiments.
These experiments demonstrate, therefore, that the loops are transcribed in their
entire length into giant primary transcripts (Figs.4, 5). The length of these tran-
scripts ranges between 260 kb in the smallest loop and 1500 kb in others. By cur-
rent biochemical methods it is clearly not possible to identify or recover such
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RNA molecules. It cannot, therefore, be excluded that comparably large tran-
scripts for this reason have never been found in other genes, although they may
be formed in some genomic sites.

3 Function of the Y Chromosomal Lampbrush Loops

3.1 Male Fertility Genes and Loops

Bridges (1916) and Stern (1927) had recognized that the Y chromosome of
D.melanogaster is essential for sperm differentiation. The same holds true for
D. hydei (Hess 1967). Males without Y chromosome (X/O males) are sterile due
to a defective spermiogenesis. Relatively few developing germ cells pass through
meiosis in X/O males of D. hydei (Hennig et al. 1974 b), dependent on the breeding
temperature (Kremer unpublished). The Y chromosome is, hence, essential for
the postmeiotic differentiation of the male germ cells. In cytogenetic and ultra-
structural studies Hess and Meyer (see Hess and Meyer 1968) tried to obtain in-
formation on the biological function of the Y chromosomal fertility genes. All
searching for the actual function of the Y chromosomal “fertility genes™ has,
however, up to now been unsuccessful.

3.2 No Major Structural Sperm Proteins Are Encoded in Loops

The difficulties in identifying the role of the Y chromosomal genes for sper-
matogenesis suggest that these problems are not based on purely methodological
reasons. More likely, conceptual problems are involved. This becomes more evi-
dent in considering the observations on the Y chromosomal genes more closely.
The morphology and molecular composition of the Y chromosomal lampbrush
loops is not easily compatible with our conventional ideas on other eukaryotic
genes. From the high level of transcriptional activity of the Y chromosomal lamp-
brush loops one would, for example, expect that the Y chromosomal fertility
genes code for structural components of the spermatozoon. Such components
should be required in large amounts since the size of the spermatozoa —more than
10 mm (Grond 1984) — is exceptional. However, so far no evidence for protein
coding in the Y chromosome of D. hydei [and only questionable evidence (Gold-
stein et al. 1982) for the D.melanogaster Y chromosome: see Hennig 1987] has
been obtained. Despite extended investigations, no proteins were found in testes
which are encoded by the Y (Ingman-Baker and Candido 1980; Hulsebos et al.
1983). Also investigation of RNA species synthesized from the Y chromosome in
testes in in vitro translation systems have so far provided no evidence for protein
coding (B. Hennig, R. C. Brand, P. Huijser, W. Hennig, unpublished data). These
data are, however, not sufficient to exclude a protein coding entirely.

Nevertheless, also other details are not compatible with the idea that major
sperm protein fractions are encoded in the Y chromosome. Ultrastructural inves-
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tigation of spermatids of males partially deficient in their Y chromosome (see
Meyer 1968) provided no indications that any major structural component of the
spermatid is absent, although drastic structural abnormalities in the spermatid
differentiation are the rule in such males. Moreover, in D. melanogaster sperm dif-
ferentiation proceeds considerably even in the absence of the Y chromosome. It
is unlikely that this would be possible if major structural elements were encoded
by Y chromosomal genes.

3.3 A Regulatory Role of the Fertility Genes?

What, then, is the function of Y chromosomal fertility genes? It has in the past
repeatedly been postulated that the Y chromosomal genes play a regulative role
for spermiogenesis (Hess and Meyer 1968; Beermann et al. 1967), although no
concrete ideas on the character of the regulatory processes could be promoted.
Some first experimental evidence for a regulatory role of the Y chromosome for
processes during spermatogenesis was provided by Hulsebos et al. (1983). These
authors recognized that in X/O testes of D. hydei three major protein fractions are
expressed in reduced amounts. These proteins, including tubulins, are, however,
clearly not encoded by Y chromosomal DNA sequences. This supports the con-
clusion that the Y chromosome is involved in the control of the expression of
these proteins. Recent molecular studies demonstrated that such a control must
be exerted at the translational level, at least for tubulins, since in X/O testes nor-
mal amounts of tubulin mRNA are synthesized (Brand et al., in preparation).

Comparable conclusions can be drawn from the observations on the Stellate
locus of D.melanogaster (Hardy et al. 1984; Livak 1984). The Stellate locus in the
X chromosome encodes a protein of M, 17,000, but homologous DNA sequences
were found in the Y chromosome. These Y chromosomal gene copies cannot be
assigned to any of the known fertility genes but are located between fertility loci
k12 and k13 (Hardy et al. 1984). Whenever the Y chromosome is absent, excessive
amounts of the M, 17,000 protein are synthesized which lead to the formation of
the crystals typical for X/O testes of D.melanogaster (Meyer et al. 1961). Also
here, the Y chromosome has a controlling effect on testes proteins encoded else-
where in the genome, although in an opposite sense than in D. iydei, namely by
suppressing X chromosomal gene expression.

3.4 DNA Structure in the Lampbrush Loops

Before further considering the potential function of Y chromosomal genes, 1
must briefly discuss the molecular structure of the Y chromosomal lampbrush
loop-forming genes. The recovery of Y chromosomal DNA turned out to be more
difficult than one should have expected from the consideration that 9.5% of the
genomic DNA of males must be Y chromosomal. The explanation is that the Y
chromosomal DNA shares homologies extensively with DNA sequences outside
the Y chromosome (Vogt and Hennig 1983; Hennig et al. 1983). For this class of
Y chromosomal DNA (“Y-associated” DNA according to our nomenclature),
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Fig. 6. Model of the molecular structure of Y chromosomal lampbrush loops (a) and of their pro-

posed function (b). The loop DNA is composed of tandem repeat clusters (“Y-specific” type)

(black boxes) with other repetitive DNA sequences interspersed between these clusters. These in-

terspersed DNA sequences are only in part homologous to one another, but are also homologous

to DNA outside the Y chromosome (“Y-associated” type). b The transcripts select, on the basis

of their secondary structure, nuclear proteins which are subsequently deposited within the loop
(cf. Fig. 5)

the application of microcloning has been proven to be almost obligatory (Hennig
et al. 1983; see Huijser and Hennig 1987). Another, “Y-specific”, class of DNA
is more easy to detect since these sequences are exclusively located in the Y chro-
mosome (Lifschytz 1979; Vogt et al. 1982; Vogt and Hennig 1983; Awgulewitsch
and Biinemann 1986).

The insight into the arrangement and properties of the Y chromosomal DNA
sequences permits us to design a model of the DNA sequence arrangement of the
lampbrush loop nooses (Fig. 6), which most likely applies to all Y chromosomal
lampbrush loop pairs (Hennig et al. 1986; Vogt and Hennig 1986a, b; Vogt et al.
1986). Each loop is constructed of a family of repeated DNA sequences which oc-
cur in several tandem repeat clusters distributed all over the loop. These clusters
must result from several subsequent and independent amplification steps of an
original DNA sequence of a few hundred nucleotide pairs during evolution. In-
serted between these tandem repeat clusters are repeated DNA sequences of a
lower repetition frequency but of higher complexity (up to several kb in length)
(“Y-associated” DNA). These interspersed sequences occur also in various loca-
tions outside the Y chromosome. All evidence available so far points toward a
transposable nature of these DNA sequences.
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3.5 Transcripts of the Lampbrush Loops and Their Potential Functions

From Miller spreading experiments it is clear that the lampbrush loops are
transcribed into primary transcripts representing most if not all of the loop DNA.
Consequently, both types of DNA sequences — Y-specific and Y-associated ones
—are transcribed into one primary transcript. The fate of these giant primary tran-
scripts is, however, still entirely unclear. Testis RNA contains a mixture of Y
chromosomal transcripts heterogeneous in size (Vogt et al. 1982; Vogt and Hen-
nig 1983; Lifschytz et al. 1983). RNA fractions of discrete molecular weight were
found to be homologous to Y-associated DNA sequences (Brand et al., in prep-
aration). Unfortunately, the actual genomic origin of such RNA species can only
partially be determined by transcript-in situ hybridization. Such experiments dis-
play Y chromosomal transcription, as must be expected from the interspersed lo-
cation of these sequences within the loops. This, however, does not prove that the
cytoplasmic RNA species are indeed derived from the primary Y chromosomal
transcripts by splicing. In some instances, transcripts homologous to Y-associ-
ated DNA sequences have been found in X/O testes, which suggests an autosomal
or X chromosomal transcription of the homologous DNA sequences; but in other
cases such transcripts are absent in X/O testes. This does not prove an exclusive
Y chromosomal origin of the discrete-sized RNA molecules, since the transcrip-
tion outside the Y chromosome could depend on the presence of the Y chromo-
some in the genome. The genomic origin of RNA species homologous to the Y-
associated DNA sequence type is, therefore, unresolved. It might, however, be of
fundamental importance for our understanding of the function of Y chromo-
somal genes to explore the actual sites of transcription of RNA species of the dis-
crete-size class.

Some data suggested that Y chromosomal transcripts remain restricted to the
nucleus (Lifschytz et al. 1984). While this might hold true for parts of the primary
transcripts, other sections of the transcripts occur, without doubt, in the cy-
toplasm, as in situ hybridization experiments with tissue sections demonstrated
(Huijser and Hennig 1987; Hennig et al., unpublished data). Similarly, earlier
DNA/RNA hybridization experiments gave evidence that Y chromosomal RNA
species are still present in spermatids (Hennig 1968; Hennig et al. 1974a). RNA
of Y chromosomal origin is, therefore, not restricted to the spermatocyte nucleus,
but is released into the cytoplasm of primary spermatocytes and is retained up to
postmeiotic spermatid stages.

What is the function of this RNA? The DNA sequencing data argue against
a protein-coding character of most of the loop DNA (Vogt and Hennig 1986a,
b; Huijser and Hennig 1987). The occurrence of transcripts in the cytoplasm of
spermatids suggests a functional role during the postmeiotic development. I men-
tioned before evidence which implies a regulatory function of the Y chromosomal
fertility genes on protein synthesis. In combination, both observations suggest
that the cytoplasmic RNA fractions derived from the Y chromosome interact
with genes from other genomic locations by activating (or inactivating) their
mRNA for translation. The homologies between the Y chromosomal inter-
spersed DNA sequences and other genomic loci may be important in this respect.
It is, for example, possible, that in sites outside the Y chromosome the comple-
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mentary DNA strands are transcribed. This would facilitate interaction of RNA
of a Y chromosomal origin with RNA of protein coding genes. Examples for such
regulatory interactions of genes are known from prokaryotes.

This interpretation of the biological role of the Y chromosomal lampbrush
loops does not explain why such spectacular lampbrush loops are formed. An an-
swer to this question can be derived if their specific features such as the high
amounts of proteins, which are in part loop-specific, their loop-specific deposi-
tion (see, for example, the cytology of the threads and clubs in Figs. 1 and 4), the
extreme size of the transcripts and their high degree of secondary structure are
taken into account. In our working hypothesis, the specific secondary structure
of the transcripts is required to bind particular protein species in the loops (Fig. 6)
(see Hennig et al. 1986). The possibility of loop-specific interactions between tran-
script structure and associated proteins had been considered much earlier in order
to explain the loop-specific morphology of the ribonucleoprotein in the loops
(Hennig 1967).

What is the possible biological reason for binding proteins in Y chromosomal
loops? We proposed that the lampbrush loops are required to assemble nuclear
proteins inside the nucleus. Such proteins may be involved in rearrangements in
the chromatin as they occur during and after meiosis (see Hennig et al. 1986). The
cytological investigation of the chromatin constitution during the germ cell devel-
opment revealed a complicated sequence of chromatin condensation and decon-
densation steps after meiosis (Kremer et al. 1986). This study suggested that the
lampbrush loops accumulate proteins required in this process. Consistent with
this idea is the observation that antigenic determinants of a DNA-binding pro-
tein, recognized with the aid of an antibody from D. melanogaster, Bv96 (Frasch
1985), are in the primary spermatocyte nucleus enriched in the lampbrush loop
nooses, but can later be detected in the heads of maturing spermatids. Alterna-
tively, nuclear proteins could be involved in postmeiotic regulation processes.

4 Conclusions

The data reviewed in this article show that the cytological and molecular
structure of the Y chromosomal lampbrush loops in D. hydei is understood in its
basic features. Future work will have to be focused on the molecular basis of
structural modifications of Y chromosomal lampbrush loops that can result from
mutations (Hess 1965b; Leoncini 1977; Hackstein et al. 1982; Hackstein et al.
1987). To understand the molecular basis of such mutations it will be necessary
to recover the mutated sections of the DNA sequences. Prior to this, the recon-
struction of major parts of the respective lampbrush loop at the DNA level is re-
quired, since the reasons for structural modifications of a loop can probably only
be understood if the mutated DNA sequence can be placed into its sequence con-
text within the loop.

The main question on the biological function of the Y chromosomal fertility
genes can still not be answered. Evidently, they display a highly abnormal molec-
ular structure and unusual features during their transcription. Based on a number
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of indirect arguments, we were, however, able to propose a working hypothesis
for the functional role of these genes.
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Contributions of Electron Microscopic
Spreading Preparations (“Miller Spreads’’)
to the Analysis of Chromosome Structure

U. ScHEER !

1 Introduction

Before introduction of the chromatin spreading technique by Miller and
Beatty in 1969 (Miller and Beatty 1969 a-d), relatively limited information was
available concerning the submicroscopic organization of chromosomes in mitosis
and interphase. Thus, at the end of the 1960s the general picture that emerged
from inspection of ultrathin sections of cell nuclei, isolated chromatin, and of
whole mount preparations was that mitotic chromosomes and interphase chro-
matin consisted of a complex meshwork of irregularly sized and knobby fibers
with diameters ranging from 20 to 30 nm (for reviews see Ris 1969; DuPraw 1970;
Solari 1974; Ris and Korenberg 1979; Hozier 1979). Although the internal orga-
nization of chromatin fibers was particularly suitable for study by surface spread-
ing on an air-water interface, originally introduced by Gall (1963), neither a dis-
crete subunit organization was recognized nor could the “thick” chromatin fibers
be reproducibly unfolded into thinner fibers which were believed to be transcrip-
tionally active (Gall 1966). Hence, electron microscopic methods were unavail-
able to study features of chromosomes during interphase, i.e., their functional
subdivision into transcriptionally active and inactive domains.

A technical breakthrough came with the chromatin spreading technique de-
veloped by O. Miller and co-workers (Miller and Beatty 1969a-d; Miller and
Hamkalo 1972; Miller and Bakken 1972; Hamkalo and Miller 1973; Hamkalo et
al. 1973). This spreading procedure was designed to unfold chromatin gently, but
extensively by exposure to a medium of very low ionic strength at slightly alkaline
pH and to avoid mechanical stress due to surface tensions. The “Miller spread-
ing”, as the preparation is often referred to, unraveled chromosomes and inter-
phase chromatin to the first level of the nucleoprotein organization and permitted
visualization of transcript fibrils which remained associated with the extended
chromatin filaments. In fact, the first papers published by Miller and Beatty
(1969 a-d) described the morphological features of transcriptionally active genes
while only later, in 1973, Olins and Olins and independently Woodcock drew at-
tention to repeating globular subunit structures present in transcriptionally inac-
tive chromatin fibers prepared from a variety of cells according to the Miller pro-
cedure (Olins and Olins 1973; Woodcock 1973).
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It is obvious that one essential step of the Miller spreading technique is the
extensive unfolding of chromatin by hypotonic media in order to disrupt all
higher levels of chromosomal arrangements as they exist in the living cell. Al-
though modifications of the Miller procedure (e.g., inclusion of salt in the disper-
sal medium, very brief exposure to low salt medium) have also been successfully
applied to the study of higher order, supranucleosomal packaging of chromatin
and to identify intermediate, transitory states during experimentally induced re-
laxation (see, e.g., Hozier 1979; Zentgraf et al. 1980a, b, 1981; Hamkalo et al.
1981; Labhart et al. 1982), such aspects will not be considered in the present
chapter. Rather, this overview focuses on molecular aspects of chromatin organi-
zation with special emphasis on structural modifications that are concerned with
transcription. Furthermore, more recent developments of the Miller chromatin
spreading method will be discussed which combine immunolocalization and in
situ hybridization techniques. Such applications of the chromatin spreading
method are of great potential value for identification of DNA- and RNA-associ-
ated proteins and the genetic content of specific transcription units.

2 The Nucleosome Chain:
The Elementary Structural Component of Chromosomes

When mitotic chromosomes or interphase chromatin preparations are un-
folded by exposure to a buffer of very low ionic strength (e.g., 0.1 mM Na-borate
buffer, pH 8-9) and centrifuged onto an electron microscopic grid essentially as
described in detail by Miller and Hamkalo (1972), Miller and Bakken (1972), and
Hamkalo and Miller (1973), the bulk of the transcriptionally inactive chromatin
displays the characteristic linear arrays of closely packed particles, the nucleo-
somes, connected by thin filaments representing linker DNA (Fig. 1 a, b). Such ex-
tended beaded chains were first described by Olins and Olins (1973, 1974) and
Woodcock (1973; Woodcock et al. 1976); the term nucleosome was introduced
by Oudet et al. (1975). The beaded chromatin fiber or primary nucleofilament or-
ganization has been found in all eukaryotic species so far studied with the notable
exception of some dinoflagellates which do not contain histones (Herzog and
Soyer 1981). Thus, chromatin of plant and animal species is morphologically in-
distinguishable in Miller spreads (e.g., chromatin from human HeLa cells and
amphibian oocytes; Fig.1a, b; amphibian and avian erythrocytes, Drosophila
polytene chromosomes, Chlamydomonas: Woodcock et al. 1976; rat and chicken:
Olins et al. 1975; Zentgraf et al. 1980a; sea urchin sperm: Zentgraf et al. 1980b;
Physarum polycephalum: Scheer et al. 1981; Dytiscus marginalis: Scheer and Zent-
graf 1978; Drosophila melanogaster: McKnight and Miller 1976; Oncopeltus
fasciatus: Foe 1978; Cyclops furciper: Beermann 1984; Zea mays: Zentgraf et al.
1981; Greimers and Deltour 1981; Allium cepa and Sambucus nigra: Lutz and
Nagl 1980; cultured mammalian cells of various origin: Howze et al. 1976; Franke
et al. 1978; Hamkalo et al. 1981; Labhart et al. 1982).

The packing of DNA into a repeating subunit structure has also been estab-
lished by biochemical and physicochemical methods and it is fascinating to follow
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Fig.1a, b. Electron microscopic appearance of transcriptionally inactive chromatin in Miller

spreads. Chromatin from human HeLa cells (a) and oocytes of the salamander Pleurodeles waltlii

(b) was unfolded by exposure to very low salt conditions prior to centrifugation onto electron

microscopic grids. The chromatin fibers are composed of linear arrays of globular subunits, the
nucleosomes. x 80000; bars=0.1 pm

how the data, obtained by various methods, were eventually integrated into the
nucleosome model (for reviews see McGhee and Felsenfeld 1980; Igo-Kemenes
et al. 1982; Kornberg 1977). Since each nucleosome contains about 200 base pairs
(bp) of DNA (with an extended length of the B-form of 200 x 3.4 A =680 A), the
coiling of the DNA around the nucleosome core with a diameter of approxi-
mately 110 A results in an apparent foreshortening of the DNA by a factor of
about 6. In Miller spreads nucleosomes are usually somewhat distantly spaced
(Fig.1a, b) so that the apparent contraction ratio of DNA is only about two to
three.
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3 Visualization of Transcribing rRNA Genes

The amplified ribosomal RNA (rRNA) genes of amphibian oocytes were the
first genes visualized by electron microscopy (Miller and Beatty 1969 a—d; Figs. 2
and 3). Subsequently numerous investigators employed the Miller technique to

Fig. 2. Survey electron micrograph of spread nucleolar chromatin from a mid-sized Pleurodeles
oocyte. This oogenic stage is characterized by intense synthesis of rRNA. x 9000; bar=1 pm



Fig. 3a—c. Structural details of transcribed rRNA genes as seen in Miller spreads. a Two tan-
demly arranged rRNA genes from a Pleurodeles oocyte. Note the high packing density of the
RNA polymerases and the smooth configuration of the spacer region (arrow). b Higher magni-
fication of the spacer region (arrows) and the proximal portion of an rRNA gene from an oocyte
of Triturus cristatus. The spacer chromatin is clearly different from adjacent inactive chromatin
fibers which reveal the characteristic nucleosome arrangement. ¢ The smooth, nonnucleosomal
chromatin conformation is maintained in the spacer (S) and the gene (G) regions in stages of re-
duced transcriptional activity (spread preparation from a mature oocyte of Triturus cristatus).
a x28000; b x70000; ¢ x 45000; bars=0.5 pm
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Fig.4a—
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analyze transcribing rRNA genes from a variety of plant and animal cells (for re-
views see Miller and Hamkalo 1972; Miller and Bakken 1972; Hamkalo and Mil-
ler 1973; Hamkalo et al. 1973; Chooi 1976; Franke and Scheer 1978; Franke et
al. 1979; McKnight et al. 1979; Miller 1981, 1984; Scheer and Zentgraf 1982;
Berger and Schweiger 1982; Puvion-Dutilleul 1983; Trendelenburg 1983). Figures
2 to 4 illustrate the appearance of rRNA genes from amphibian and insect oocytes
and from the slime mold, Physarum polycephalum. Since the rDNA of Xenopus
laevis has been completely sequenced, the ribosomal transcription units of this
species can be correlated precisely with specific DNA sequences (e.g., Sollner-
Webb et al. 1982; Bakken et al. 1982).

In spite of extensive interspecies differences in the lengths of transcription
units, the interspersed nontranscribed spacers and the resulting repeat units (for
a compilation of quantitative data see Franke et al. 1979), several common char-
acteristic features of rRNA genes emerged from these studies.

1. The chromatin axis of active rRNA genes is usually densely covered by RNA
polymerase I-containing particles from which the transcript fibrils extend lat-
erally. The lateral fibrils, containing nascent pre-rRNA chains, gradually increase
in length in the direction of transcription so that the characteristic “Christmas
trees” are formed (Figs.2 and 3a). The free ends of the transcripts are often ac-
centuated by a terminal knob. In most transcription units the lateral fibrils in-
crease in length as a function of the distance from the transcription initiation site,
although the length increment seems to be lower or almost zero for the more distal
transcripts (Franke et al. 1976a; Laird et al. 1976; Puvion-Dutilleul et al. 1977;
Angelier et al. 1979). In Dictyostelium, the fibril length gradient is interrupted,
suggesting that processing of the nascent pre-rRNA takes place at a specific pe-
riod during transcription (Grainger and Maizels 1980).

2. In most species, multiple rRNA genes are arranged in tandem with identical
polarities along a given chromatin strand and are separated from each other by
nontranscribed spacers (Fig. 3 a). It should be noted, however, that at least in am-
phibians, the so-called nontranscribed spacer might, in fact, be transcribed.
Spacer transcripts arranged in defined transcription units are not infrequently
found in Miller spreads of Xenopus laevis oocytes and seem to originate from the
reduplicated promotor-like sequences in the spacer DNA (cf. Trendelenburg
1981; Morgan et al. 1983). There are, however, notable exceptions to the familiar
gene-spacer-gene pattern. The rRNA genes of certain unicellular green algae are
tightly clustered without detectable spacers or are arranged with alternating po-
larities along the chromatin axis (Berger and Schweiger 1982). Opposite polarities

<
<

Fig.4. a Linear nucleolar chromatin strand from the slime mold Physarum polycephalum with
two rRNA genes at either end in opposite polarities (the direction of transcription is indicated
by the arrows, only the proximal part of the left transcription unit is shown). The intergenic non-
transcribed region is compacted into nucleosomes. In such Miller spreads the intergene region
has an average length of 4.4 pm as compared to the extended length of the corresponding DNA
(B-form) of 8.5 um (cf. Seebeck and Braun 1982). b Nucleolar chromatin ring with five repeating
units from an oocyte of the water beetle, Dytiscus marginalis. The contour length of the ring
shown is 35 pm. ¢ rDNA circle isolated from Dytiscus nucleolar chromatin with a contour length
of 34.3 um (cytochrome c-surface spreading). Molecules of this size class represent 5-gene rings.
a x13000; b x9800; ¢ x19800; bars=1 pm
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of adjacent rRNA genes are also present in the amplified nucleolar chromatin of
Physarum, Dictyostelium, and Tetrahymena which form linear strands with two
rRNA genes at either end in a palindromic arrangement (Fig. 4 a; cf. Grainger and
Ogle 1978; Grainger and Maizels 1980; Seebeck and Braun 1982; Vavra et al.
1982; Engberg 1985).

3. Transcribed nucleolar chromatin, as well as the intervening spacers are devoid
of nucleosomes. The absence of nucleosomes is compatible with the full extension
of the rDNA to the length of its B-form in Miller spreads. This has been shown
by the congruence of the lengths of rDNA repeating units at the DNA and chro-
matin level (Trendelenburg et al. 1976; Scheer et al. 1977; Reeder et al. 1978) and
by estimation of the DNA length contained in ribosomal transcription units by
gel electrophoretic determinations of the molecular weight of the pre-rRNAs
(e.g., Meyer and Hennig 1974; Scheer et al. 1977; Spring et al. 1976).

In Miller spreads the chromatin structure of active rDNA is readily distin-
guished from inactive chromatin. Providing that the transcripts are more dis-
tantly spaced, thus allowing visualization of the underlying chromatin axis, active
rDNA has a thin, nonbeaded conformation (Fig.3b, c; see also Franke et al.
1976 b, 1978; Scheer 1978; Foe 1978; Busby and Bakken 1980; Labhart and Koller
1982; Scheer and Zentgraf 1982; Puvion-Dutilleul 1983). A similarly extended,
nonnucleosomal organization has also been found for the nontranscribed spacer
of several species (Fig. 3 a—c; Trendelenburg et al. 1976; Scheer et al. 1977; Scheer
1980; Scheer and Zentgraf 1982; Labhart and Koller 1982). That the nonnucleo-
somal conformation of nucleolar chromatin is maintained even when transcrip-
tional activity is reduced suggests that the altered chromatin conformation is due
to an intrinsic property of I DNA chromatin and not the transcription process per
se (Fig.3¢; Foe 1978; Scheer 1978). Only in stages of complete inactivation does
rDNA-containing chromatin assume the characteristic nucleosomal conforma-
tion (see next section). The most compelling evidence for a stable extension of the
DNA of both the gene and the spacer of transcribing nucleolar chromatin is
found in studies of the circular rRNA genes of Dytiscus oocytes (Fig.4b; see also
Trendelenburg et al. 1976). These circles contain one or more repeating units and,
therefore, fall into discrete size classes. The rDNA can be isolated from the chro-
matin rings and surface spread by the cytochrome c-method (Fig.4c). The iden-
tical contour lengths of both the chromatin rings and the corresponding rDNA
circles indicate that the rDNA is fully extended in the chromatin (see also Tren-
delenburg et al. 1976; Scheer and Zentgraf 1978).

The central nontranscribed chromatin regions separating the palindromically
arranged rRNA genes of Physarum, Dictyostelium, and Tetrahymena are excep-
tional in that they reveal a bead-like pattern, indicative of a nucleosomal organi-
zation (Fig. 4 a). In fact, the DNA of this intergene region is compacted by a fac-
tor of about 2 relative to the length of the corresponding DNA (Fig. 4 a; see also
Grainger and Ogle 1978) and reveals the characteristic canonical nucleosome re-
peat after nuclease digestion (Borchsenius et al. 1981; Prior et al. 1983; Palen and
Cech 1984).
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3.1 rRNA Genes in Different States of Activity

Ultrastructural studies of several biological systems have provided consider-
able insight into the regulation of rTRNA synthesis. During insect embryogenesis
and amphibian oogenesis, the rate of rRNA accumulation is extensively modu-
lated (Foe 1978; McKnight and Miller 1976; Scheer et al. 1976 a). Using these sys-
tems, it is possible to examine rRNA genes by the Miller spreading technique in
states of increasing and decreasing rRNA synthesis. Such studies have shown that
rRNA synthesis is regulated at the level of transcription since reduced rRNA syn-
thesis is correlated with a decreased number of transcripts per gene (Fig. 3 ¢) and/
or a decreased number of active genes. Furthermore, it has been demonstrated
that rRNA gene activation proceeds via a two-step mechanism. First, there is a
structural transition of rDNA chromatin from a beaded to a smooth form, which
is then followed by transcription (Foe 1978; Scheer 1978). Each rRNA gene ap-
pears to be regulated individually since adjacent genes reveal variable degrees of
transcript densities. The same pattern of chromatin reorganization is seen after
inactivation of rRNA genes, both in natural stages of inactivation (e.g., Trende-
lenburg and McKinnell 1979) or after inhibition of transcription by drugs, such
as actinomycin D (Scheer 1978; Franke et al. 1979). Long-term inactivated nu-
cleolar chromatin is structurally indistinguishable from the bulk chromatin. Not
only is it condensed into nucleosomes, but it is also organized into thick, i.e.,
higher order, fibrils (Scheer and Zentgraf 1978).

4 Visualization of Transcriptionally Active
Nonnucleolar Genes

The electron microscopic chromatin spreading method has also provided new
approaches to analyze the structural organization of transcriptionally active non-
nucleolar genes and, in a few cases, to identify the transcription units of specific
protein coding genes. The first nonnucleolar genes to be visualized in the electron
microscope were the transcriptional units of the lateral loops of lampbrush chro-
mosomes from amphibian oocytes (Miller and Beatty 1969 d). Amphibian lamp-
brush chromosomes are especially well suited for such studies since their numer-
ous lateral loops represent sites of intense transcriptional activities. As shown
originally by Miller and co-workers and subsequently by other authors, loop
transcription units are characterized by a high packing density of RNA polymer-
ases (of type II, see Bona et al. 1981) and by nascent RNP transcripts reaching
considerable lengths (Miller and Beatty 1969 d; Miller and Hamkalo 1972; Miller
et al. 1972; Miller and Bakken 1972; Miller 1981; Angelier and Lacroix 1975;
Franke et al. 1976b; Scheer et al. 1976b, 1979 a; Hill 1979; Hill and McGregor
1980).

The light microscopic appearance of isolated lampbrush chromosomes from
a salamander oocyte is presented in Fig. 5a. Usually one loop represents a single
transcription unit. Occasionally, however, a single loop contains more than one
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Fig.5a—c
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transcription unit arranged with identical, opposite, or alternating polarities
(Scheer et al. 1976b). Often the transcriptional polarity is recognized by the in-
crease in thickness of the loop matrix between both ends of a loop (for a detailed
account of lampbrush chromosome features see Callan 1982). In spread prepara-
tions transcriptional units of the lampbrush chromosomes (or fragments there-
from) are identified by their large size, the close spacing of transcripts, and the

Fig. 6 a—c. Nucleosomal organization of moderately transcribed nonnucleolar chromatin from

cultured Xenopus laevis kidney cells (a) and oocytes of Pleurodeles waltlii (b). The attachment

sites of the transcripts to the chromatin axis are denoted by arrows. Inclusion of the antonic de-

tergent Sarkosyl in the spreading medium releases the histones from the DNA and destroys the

beaded organization (c). The transcripts remain stably bound to the DNA under such conditions.
a x80000; b x 85000; ¢ x40000; bars=0.2 pm

<
<

Fig.S. a Light microscopic appearance of a lampbrush chromosome bivalent from a Pleurodeles

waltlii oocyte. The lateral loops represent loci of intense transcriptional activity. b—¢ Miller

spreads of lampbrush chromosomes from Pleurodeles waltlii oocytes. Note the different morpho-

logical aspects of the nascent transcripts in b and ¢. a x430; b x 20000; ¢ x 12000; bars =20 pm
(a) and 1 pm (b, ¢)



Fig.7a—c. Various aspects of transcript organization in Miller spreads of lampbrush chromo-

somes of Triturus cristatus (a) and cultured kidney cells of Xenopus laevis (b, ¢). Each transcript

of the transcription unit shown in (a) reveals a subterminal thickening at corresponding posi-

tions. The two distantly spaced transcripts in b (arrows) are condensed into arrays of globular

particles. Secondary structures characteristic of nonnucleolar transcripts (ring- and bushlike for-

mations) are shown in ¢ (arrows). The chromatin axis is indicated by arrowheads in b and c. a
% 24000; b x 34000; ¢ 54000; bars=0.5 pm

»
»

Fig.8a, b. Part of a lampbrush loop transcription unit from a Triturus helveticus oocyte after

spreading for electron microscopy according to the Miller procedure. Each lateral fibril carries

a conspicuous “loop-stem” structure at corresponding positions (arrows in b). A transcript fibril

from the terminal region of the same transcription unit is shown in (a). In addition to the loop-

stem structure indicated by the arrow a second fold-back structure of the nascent RNA is visible

(arrowhead). Note that the double-stranded RNA “stem” structures are almost devoid of a pro-
tein coat. x 60000; bars=0.2 pm
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Fig. 8a,b
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extensive secondary structures of the transcript fibrils which often give rise to
complex bush- and ring-like configurations (Figs. 5b, c, 7a, 8 a, b; for reviews see
Scheer et al. 1979 a; Sommerville 1981).

Similar high packing densities of nascent transcripts are also found in lamp-
brush chromosomes of the unicellular green algae, Acetabularia (Spring et al.
1975; Franke et al. 1976 b; Scheer et al. 1979 a), in certain lampbrush loops of the
Y-chromosome of Drosophila spermatocytes (Grond et al. 1983; Gldtzer and
Meyer 1981), in autosomal chromosomes of Drosophila primary spermatocytes
(Glatzer 1975), in silk fibroin genes of Bombyx mori (McKnight et al. 1976), in
chorion protein genes of Drosophila (Osheim and Miller 1983; Osheim et al.
1985), and in Balbiani ring genes of polytene chromosomes from Chironomus
tentans salivary glands (Lamb and Daneholt 1979; Widmer et al. 1984). Usually,
however, nonnucleolar transcription units of a variety of cell types and species are
characterized by relatively few transcript fibrils, with extended unoccupied chro-
matin regions, indicative of a low level of ongoing transcriptional activity
(Figs.6a, 7b, c; see also Miller and Bakken 1972; Hamkalo and Miller 1973;
Hamkalo et al. 1973; Kierszenbaum and Tres 1975; Laird and Choii 1976; Laird
et al. 1976; Foe et al. 1976; Amabis and Nair 1976; Oda et al. 1977; Villard and
Fakan 1978; McKnight et al. 1979; Harper and Puvion-Dutilleul 1979; Busby and
Bakken 1979, 1980; Hughes et al. 1979; Cotton et al. 1980; Petrov et al. 1980;
Beyer et al. 1980, 1981; Scheer et al. 1981; Greimers and Deltour 1981; Bach-
varova et al. 1982; Rattner et al. 1982; Puvion-Dutilleul 1983).

4.1 Chromatin Structure in Different States of Transcriptional Activity

Intensely transcribed nonnucleolar chromatin regions with maximum packing
densities of RNA polymerases are devoid of nucleosome-sized particles (Franke
et al. 1976 b). Furthermore, the DNA appears to be extended to almost the length
of the B-conformation. This has been shown by a comparison of the length of the
transcription units of the highly active silk fibroin genes of Bombyx mori and the
chorion protein genes of Drosophila melanogaster follicle cells with the corre-
sponding DNA (McKnight et al. 1976; Osheim et al. 1985). However, in stages
of reduced activity and more distantly spaces transcripts, the chromatin axis not
engaged in transcription generally assumes a beaded, nucleosomal configuration.
The rapid reformation of nucleosomes after the passage of a transcriptional event
is seen in lampbrush chromosomes in stages of experimentally induced or natu-
rally occurring reduced transcriptional activity (Fig. 6 b, c; see also Angelier and
Lacroix 1975; Scheer 1978; Bona et al. 1981), as well as in transcription units of
somatic cells (Figs.6a, 7b, c; see also Kierszenbaum and Tres 1975; Foe et al.
1976; Laird and Choii 1976; Laird et al. 1976; Oda et al. 1977, McKnight et al.
1979; Villard and Fakan 1978; Busby and Bakken 1979, 1980; Hughes et al. 1979;
Cotton et al. 1980; Petrov et al. 1980; Greimers and Deltour 1981). Thus, in con-
trast to transcribing rDNA chromatin, nonnucleolar chromatin appears to as-
sume the nucleosomal organization relatively fast, provided that the RNA poly-
merases are sufficiently apart to allow reformation of nucleosomes (for identifi-
cation of nucleosomes in Miller spreads see below).
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4.2 Ultrastructure of Nascent RNP Transcripts

The specific low salt chromatin spreading conditions induce the nascent RNP
fibrils to unravel from a condensed into a largely extended state. This is best il-
lustrated by comparing the in situ conformation of nascent RNP transcripts of
amphibian lampbrush chromosomes with their appearance in spread prepara-
tions. When lampbrush chromosomes are isolated in the presence of physiolog-
ical salt concentrations followed by fixation and flat embedding for electron mi-
croscopy, ultrathin sections reveal that the majority of the transcripts are ar-
ranged in linear arrays consisting of 25 to 40 nm globular subunits (Mott and Cal-
lan 1975; Spring and Franke 1981; N’Da et al. 1986). In contrast, in Miller
spreads much thinner fibrils of the transcripts predominate (Figs.5b, c, 6b, c)
which apparently are derived by relaxation of the higher order globular packag-
ing structures (see also Sommerville 1981; Scheer and Dabauvalle 1985). An or-
dered packaging of the basic 10 nm transcript fibril into a RNP particle of defined
morphology and size has also been described for the transcripts of the Balbiani
ring genes in Chironomus tentans (Skoglund et al. 1983). It should be noted that
the extended transcripts as seen in Miller spreads are much thicker than naked
RNA, indicating that the nascent RNA chains become coated with proteins im-
mediately following their synthesis.

Not all RNP transcripts unravel into extended fibrils when spread for electron
microscopy. Some retain extensive secondary structures and/or display a dis-
tinctly beaded morphology due to the presence of 20 nm particles. Examples are
presented in Figs. 5S¢, 6a, 7a—, and 8 a, b, both from amphibian lampbrush chro-
mosomes and cultured Xenopus laevis kidney cells (for further examples see, €.g.,
Kierszenbaum and Tres 1975; Hughes et al. 1979; Beyer et al. 1980, 1981;
Greimers and Deltour 1981; Osheim et al. 1985). A remarkably high degree of sec-
ondary structure occurs along the transcripts of the Y chromosome in spermato-
cytes of Drosophila hydei. The transcripts possess a folding pattern that is char-
acteristic for a specific transcription unit (Glatzer 1975; Glatzer and Meyer 1981;
Grond et al. 1983; de Loos et al. 1984; Hennig 1985).

To what extent intramolecular base pairing of the nascent RNA chain or pro-
tein-protein interactions are involved in establishing the secondary structures of
transcript fibrils seen in Miller spreads is not known (for discussion see Sommer-
ville 1981). Several authors have analyzed the distribution of secondary struc-
tures, such as loop formations, bush-like ramifications, or RNP particles, in the
multiple transcripts of a given transcription unit. The conclusion stemming from
such studies is that secondary structures are not randomly distributed. Rather,
they occur at specific sites indicating a relationship to specific RNA sequences
(e.g., Glatzer 1980; Beyer et al. 1980; Hennig 1985; Osheim and Beyer 1985).

Two transcription units of Pleurodeles lampbrush chromosomes with differ-
ent types of transcript organization are shown in Fig.5b and c. The transcripts
are either fully extended (Fig. Sb) or display, specifically at their termini, a par-
ticulate morphology and are folded up into complex bush-like structures
(Fig.5¢). Another example is shown in Fig.7a where the subterminal region of
each consecutive transcript carries an array of closely spaced particles at corre-
sponding positions.
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A clear example that the RNA of nascent transcripts can form intramolecular
duplex structures, probably by a fold-back mechanism and base pairing of in-
verted repeat sequences, is provided in Fig. 8. Two different loop-stem structures
are recognized, a large loop with a short stem and a small loop with a long stem
(Fig. 8 a). The loops presumably contain single-stranded RN A, whereas the stems
are formed by duplex regions of the RNA (cf. Sommerville 1981). It is noteworthy
that the loops display the same ultrastructural morphology as the principal RNP
fibril. However, the stem connecting the loop to the transcript fibril is very thin
and is apparently deficient of proteins. This finding is in agreement with biochem-
ical studies showing that double-stranded RNA regions of hnRNA, in compari-
son with single-stranded regions, are relatively devoid of proteins in living cells
(Calvet and Pederson 1979). The loop-stem structures form at corresponding po-
sitions of the multiple transcripts shown in Fig. 8 b. The micrograph depicts only
a relatively small area close to the transcription initiation site where the second
loop has not yet been formed. It is obvious that the distance between the hairpin
structures and the anchoring sites of the fibrils into the chromatin axis increase
as a function of the growth of the transcripts. A quantitative analysis of the total
transcription unit with 48 traceable fibrils is presented in Fig. 9.

Whether the foldback structures of the type depicted in Fig. 8 have a function
in the process of RNA sequence excision is presently not known. However, RNA
particles frequently seen on transcripts of a given gene, at sequence-specific sites,
might be functionally involved in splicing reactions by bringing together two
splice junctions with the intron transcript looping out (Osheim et al. 1985; Osheim

Fig. 9. Quantitative evaluation of 48 traceable transcripts from the transcription unit shown in

Fig.8. Each transcript is represented in its linearized form, i.e., loop-stem structures are linear-

ized and indicated as dotted lines (at the arrow and arrowhead; the corresponding structures are

shown in Fig.8a). The graphic representation clearly demonstrates that the hairpin structures
are related to specific sequences of the nascent RNA chains
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and Beyer 1985). Such splicing reactions might well occur during transcription.
In fact, numerous nonnucleolar transcription units from a variety of species an-
alyzed by the chromatin spreading method reveal interruptions in the RNP fibril
length gradients. This indicates that cleavage of transcripts occurs during tran-
scription (e.g., Laird and Choii 1976; Scheer et al. 1979 a; Beyer et al. 1981). In
addition, a considerable proportion of the RNA contained in terminal transcript
fibrils of amphibian lampbrush chromosomes apparently does not consist of con-
tiguous chains, but of nicked molecules (Scheer and Sommerville 1982).

S Application of Localization Techniques to Miller Spreads

An advantage of the chromatin spreading technique is that it is potentially ca-
pable of elucidating the ultrastructure and biochemical composition of transcrip-
tion units of defined genes in various states of activity. So far only a few protein-
coding genes have been identified in Miller spreads (silk fibroin genes of Bombyx
mori: McKnight et al. 1976; Balbiani ring genes of salivary glands of Chironomus
tentans: Lamb and Daneholt 1979; and chorion protein genes of Drosophila mela-
nogaster follicle cells: Osheim and Miller 1983; Osheim et al. 1985). With the
availability of specific nucleic acid probes it should be feasible, by using modified
protocols for in situ hybridization, to correlate transcription units in Miller
spreads with specific genes. In this way one may analyze the distribution of spe-
cific proteins within the transcription unit, in the flanking regions, and along the
nascent RNP transcripts by immunochemical approaches.

5.1 In Situ Hybridization of Nucleic Acids

Transcription units with numerous attached lateral fibrils represent a favor-
able situation for in situ hybridization of DNA or RNA probes to the nascent
RNA chains because of the multiplication of the DNA coding sequence at the
RNA level. Hybridization of nucleic acid probes to nascent RNA has already
been used, at the light microscopic level, to localize histone genes to specific loops
of amphibian lampbrush chromosomes (Old et al. 1977; Callan 1982; Gall et al.
1981; Diaz et al. 1981; Diaz and Gall 1985).

Similar procedures may also be adapted to investigations at the electron mi-
croscopic level. Visualization of the hybridized DNA or RNA probe could be ac-
complished by autoradiographic or nonradioactive methods, such as biotinyla-
tion or chemical modification of the probe which are then detected by specific an-
tibodies (e.g., Fostel et al. 1984; Landegent et al. 1985).

When recombinant plasmids containing rDNA sequences of Xenopus laevis
are hybridized to Miller spreads of amphibian oocyte nuclei, the DNA probe
binds selectively to the pre-rRNA of the lateral fibrils of the rRNA genes (for ex-
amples see Scheer and Zentgraf 1982). We are confident that further refinements
of this approach will permit a better ultrastructural preservation of the transcrip-
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tion units and a higher hybridization efficiency so that protein coding genes can
be identified as well.

An additional approach to identify transcribed genes in the electron micro-
scope is based on restriction endonuclease cleavage prior to chromatin spreading
in order to produce identifiable fragments of transcription units (e.g., Reeder et
al. 1976; Pruitt and Reeder 1984).

5.2 Biochemical and Immunological Techniques

It is known that transcriptional complexes are extremely stable to high salt
concentrations and ionic detergents, i.e., conditions which lead to the dissociation
of the majority of chromatin proteins including histones (for details see Scheer
1978). This selective stability of transcriptional complexes has been exploited to
demonstrate that the beaded morphology of a chromatin fiber is dependent on
the presence of histones and does not reflect, e.g., arrays of template-bound RNA
polymerases without nascent transcripts. When chromatin is spread in the pres-
ence of the anionic detergent Sarkosyl or the commercial dishware detergent
“Joy” (originally introduced by Miller and Bakken 1972) at concentrations which
release most chromatin proteins from the DNA, the beaded organization of chro-
matin is no longer visible (Scheer 1978). Figure 6b and c illustrate the effect of
Sarkosyl on the ultrastructure of lampbrush chromosome loops transcribed with
moderate efficiency. Without detergent the chromatin axis displays a beaded
morphology (Fig. 6b); addition of Sarkosyl results in the disappearance of the
beads while the transcripts remain attached to the smoothly contoured chromatin
fiber (Fig. 6¢), indicating that the beads in fact represent nucleosomes.

A direct approach to localize specific proteins in Miller spreads is based on
the use of immunolocalization techniques. As shown by several authors, anti-
bodies to core histones react specifically with nucleosomal beads of inactive chro-
matin (e.g., Bustin et al. 1976; Ghose et al. 1983). Antibodies to the core histones
H2B and H3 also bind to the axis of nonnucleolar genes which are sparsely
covered with transcripts (McKnight et al. 1978). The identification of histones by
this immuno-electron microscopic approach in conjunction with the beaded mor-
phology of the chromatin regions between distantly spaced transcripts clearly in-
dicates that a transient nucleosomal packaging of the chromatin template takes
place between successive transcriptional events.

Whether histones remain associated also with intensely transcribed chromatin
regions, such as the lampbrush chromosome loops or nucleolar chromatin, is as
yet an open question (for discussion see Mathis et al. 1980; Karpov et al. 1984;
Sargan and Butterworth 1985). Indirect evidence based on the effect of histone
antibodies microinjected into nuclei of living amphibian oocytes suggests that
some histones are present on the heavily transcribed lampbrush loops. However,
these experiments did not allow quantitative estimates and also did not permit the
precise localization of histones (Scheer et al. 1979 b; Scheer 1986).

Immuno-electron microscopy has also been used to study, at a very high level
of resolution, the distribution of nonhistone proteins in chromatin. T-antigen has
been mapped to a specific region of SV40 minichromosomes, the nucleosome-
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and histone-free gap containing the origin of replication and promotor elements
(Harper et al. 1984; Weiss et al. 1985).

Do specific ribosomal proteins bind to nascent pre-rRNA of rRNA genes?
This question has been studied by Choii and Leiby (1981) by combining Miller
spreads with immunolocalization techniques. They used two different protocols
for binding of the antibodies. Either the antibodies were added directly to the
lysed Drosophila embryonic cells followed by centrifugation of the chromatin
onto the electron microscopic grid or rRNA genes were first immobilized on the
grid followed by incubation with the antibodies. Their results show that individ-
ual ribosomal proteins bind to specific sequences of the nascent pre-rRNA. In this
connection it should be emphasized that not all ribosomal proteins are involved
in the early steps of ribosomal assembly, but become integrated into preribosomal
particles only at more advanced stages of maturation (Hiigle et al. 1985).

Another approach to localize nucleolus-specific proteins in Miller spreads was
taken by Angelier et al. (1982). These authors adapted the silver staining method
to spread preparations of rRNA genes of amphibian oocytes. They showed that
silver staining proteins were preferentially associated with the transcribed rDNA
and/or with the basal portions of the nascent RNP transcripts.

In conclusion, the tools and the probes necessary for identification and anal-
ysis of transcription units at the molecular level are presently available. Their ap-
plication, in conjunction with the Miller chromatin spreading technique, should
lead to a more detailed understanding of the conformational and compositional
differences between active and inactive chromatin and the complex processes in-
volved in generation and maturation of RNP transcripts.
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Replication of DNA in Eukaryotic Chromosomes

J.H. TayLor !

1 Introduction

Studies of DNA replication in chromosomes first clearly revealed the com-
partments of the cell cycle and provided a means for measuring the parameters
of the S-phase in the cell cycle. Radioisotopic labeling, especially with [*H]-thy-
midine, provided a specific label easily detected by autoradiography, as well as
by liquid scintillation counting for biochemical studies. The research utilizing
these tools soon centered on what seemed to be two separate areas. One that oc-
cupied our attention for many years deals with the structural properties of chro-
mosomes and the exchanges and aberrations that could be revealed. Most of these
problems are now understood, at least in broad outline. The discovery of fluores-
cence and staining procedures to distinguish bromodeoxyuridine (BrdU) labeled
segments from those with thymidine in chromosomal DNA stimulated the struc-
tural studies, particularly in the last 10-12 years. In this review I will spend little
time discussing this area; for an extensive review of some aspects see Tice and
Hollaender (1984). -

The second area of study deals with what I choose to call the time compart-
ments in the S-phase. Although this aspect of replication has stimulated much re-
search activity, the full significance of the regulatory systems associated with
these compartments is only now being appreciated. I briefly reviewed the topic
not long ago (Taylor 1984), but several developments now make the concepts
clearer. However, as I will outline below the structural units of replication in chro-
mosomes, the replicons, still elude us. Yet, it is difficult to imagine the degree of
control so far observed to operate without replicons and origins. Origins have
been identified in the replicons of prokaryotes, in viral DNAs, in mitochondrial
DNAs, and in chromosomal DNA of at least one eukaryote, yeast. Origins may
have been identified in other eukaryotic chromosomes, but as will be shown be-
low we lack the appropriate assay to verify these reports.

There is enough evidence to indicate that replication of DNA in many eukary-
otes is compartmentalized even though the nucleus may have no morphological
compartments. The compartments to which I refer are separated by time rather
than structural barriers. After briefly reviewing the structural deductions from
DNA replication studies, I will consider the time compartments and the regula-
tory aspects at more length.

! Institute of Molecular Biophysics and Department of Biological Science, Florida State Univer-
sity, Tallahassee, Florida 32306, USA.

Results and Problems in Cell Differentiation 14
Structure and Function of Eukaryotic Chromosomes
Edited by W. Hennig

© Springer-Verlag Berlin Heidelberg 1987




174 J.H. Taylor

2 Structural Deductions from Chromosomal DNA Replication

Chromosomes contain two longitudinal subunits with opposite polarity as
originally discovered by labeling with [*H]-thymidine (Taylor et al. 1957; Taylor
1958). The two subunits are the two chains of a DNA helix which separate during
replication and form the two chromatids, each of which consists of a DNA helix
and the associated proteins. Since the two subunits have opposite polarity, ex-
changes between them are prohibited, but exchanges occur between chromatids
(sister chromatid exchanges) at a low frequency. The frequency can be enhanced
by a variety of agents that break chromosomes and some others that induce very
few exchanges between nonsister chromatids. The discovery of ways of distin-
guishing by fluorescence or staining chromatids with different amounts of bro-
modeoxyuridine (BrdU) substituted for thymidine has made the study of sister
chromatid exchanges and the time of replication of different segments or bands
easier to detect than with radiolabeling and autoradiography (see Tice and Hol-
laender 1984). The BrdU staining, which has also been demonstrated with anti-
bodies to BrdU (Morstyn et al. 1983; Vogel et al. 1986; Speit and Vogel 1986),
increases resolution and makes feasible the analysis of sister chromatid exchanges
involving smaller segments and smaller chromosomes than had been possible by
autoradiography. Some of the early controversy over apparent exceptions to the
semiconservative distribution of subunits could be shown to be due to closely
spaced sister chromatid exchanges as Callan (1972) had proposed. Segregation is
regular and the assortment of labeled chromatids to daughter nuclei is random
at the second and subsequent divisions after one round of replication in labeled
thymidine.

3 Regulation of DNA Replication in Chromosomes

Two major unsolved problems of replication relate to regulation, i.e., control
of rounds of replication per S-phase and time of replication over the S phase. Two
types of regulatory mechanisms are evident. One insures a single replication of
each locus per S-phase with rare exceptions. The other regulates the time in the
cycle when a particular chromosomal segment will be replicated. Both regulatory
mechanisms would appear to require specific origins from which replication is ini-
tiated. The degree to which the timing is controlled is subject to some debate, but
the original studies of animal cells in culture by pulse labeling with [*H]-thymidine
indicated that one part of the complement is replicated in the first half of S-phase,
while the remainder is replicated in the last half (Taylor 1960). Among the parts
replicating in the last half are the inactive segments of one X chromosome in cells
of mammalian females, most of the Y chromosome and about one-half of the seg-
ments of the autosomes, the G-bands (Dutrillaux et al. 1976). In human lympho-
cytes the whole of one X chromosome is replicated in the first 3 h of S-phase,
while most of the other X chromosome is replicated in the last half of S phase
(Petersen 1964). In 1961 Lyon published evidence that the heterochromatic X,
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which proved to be the late replicating X, was genetically inactive in the mouse.
Many subsequent studies showed this correlation to be a general one for mam-
mals. As I will argue below, the inactive X is a special case evolved to inactivate
one allele of many of the X-linked genes and I think it utilizes a general regulatory
system of eukaryotes that was probably established long before it was utilized for
dosage compensation of X-linked genes.

The second replication of a region under the control of an origin could in prin-
ciple be prevented by one of two general mechanisms, either by the formation of
a stable complex at the origin during replication, which prevents a second round,
or by the modification of the DNA at the origin. A suggestion that a modification
could result from a delay in methylation at the origin after replication (Taylor
1978) is a possible mechanism except that some DNAs may lack methylation. The
hemimethylated state at CpG sites in mammals does direct mismatch repair en-
zymes to replace the bases on the new, unmethylated chains (Hare and Taylor
1985). This evidence demonstrates that the hemimethylated state could provide
a signal sufficient to prevent a second replication during an S-phase.

3.1 Viral Origins for Replications

Unlike the chromosomal origins, the origins of SV40 and other similar DNA
viruses have evolved to be utilized many times in one S phase. However, when
these genomes are integrated in the chromosomes, the origin is either rendered
functionless or comes under a cis-acting control mechanism of the type that keeps
replication to one round per S phase in chromosomes. In the replicative state, the
SV40 genome is not methylated at its CpG sites, most of which are in the origin
of replication or nearby in the adjacent promoter for the late genes. If these sites
become methylated in the integrated state, that modification might be sufficient
to inactivate the origin. However, some recent experiments by Roberts and Wein-
traub (1986) suggest that the regulation could involve cis-acting sequences in the
chromosomes. Two cis-acting and at least one trans-acting factor can modulate
the rate of replication and convert the SV40 origin in a plasmid to one that rep-
licates once per cell cycle.

The bovine papalloma virus (BPV) genome is a small circular DNA of 7-8
kilobases (kb) that can replicate as a plasmid in mouse cells in culture. All of the
replicative functions are contained in a 5.4 kb Hind III-BamH I fragment (Lusky
and Botchan 1984). This segment contains the BPV replication origin, several
transcription promoters, two known enhancers, and eight open reading frames,
three of which encode proteins that modulate replication (Lusky and Botchan
1985). This portion of the BPV genome is maintained at about 150 copies per cell
by replicating once each cell cycle under the control of two plasmid maintenance
sequences. One is contained within a 541 bp segment (PMS I) separated by about
2.6 kb from the second maintenance sequence (PMS II) with 140 bp.

When Roberts and Weintraub joined a 550 bp segment of SV40, containing
the enhancer, the origin, and the early and late promoters to the 5.4 kb fragment
of BPV, they obtained a plasmid with a modulated replication cycle in Cos-7 cells.
Cos-7 is a monkey cell line with an integrated partial copy of the SV40 genome
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that constitutively produces T antigen, but is nonpermissive for BPV replication.
It will support the replication of plasmids that contain the SV40 origin many
times per cell cycle. They compared the replication of the fused genome segments
by co-transfecting the constructs (SV-BPV) with SV40 plasmids (pSV) that rep-
licate uncontrolled in the Cos-7 cells. Equimolar amounts of pSV and SV-BPV
were co-transfected into Cos-7 cells by calcium phosphate precipitation and total
cellular DNA was isolated at 16, 24, and 48 h after transfection. The supercoiled
plasmids were measured in Southern blots. The BPV segment reduced the repli-
cation of the attached SV40 origin about 20-fold. Even though it still replicated
1000-5000 copies, they think that is because the unregulated T-antigen-driven
replication predominates until the BPV-encoded, trans-acting proteins accumu-
late to levels sufficient for regulation.

They used the above described technique to locate the cis- and trans-acting
factors by making a variety of constructs containing deleted portions of the BPV
segment linked to the SV40 origin and testing these against the uncontrolled pSV
plasmids. Two cis-acting negative control (NCOR) sequences were located in the
BPV genome that were active on the SV40 origin. One is located within the PMS 1
and the other is adjacent to the PMS II. A 24 bp repeated sequence within each
NCOR was found which has twofold symmetry across 20 nucleotides (two helical
turns), suggesting that these two sequences could serve as a recognition site for
a protein dimer.

They also obtained some evidence that the 5’ end of the open reading frame
E1 of the BPV genome codes for a trans-acting negative regulator for the hybrid
genome as it does for the BPV genome (Berg et al. 1986). It is already known that
the 3’ end defines a positive trans-acting factor necessary for replication of BPV
(Lusky and Botchan 1985). Using this information Roberts and Weintraub
(1986) were able to construct a plasmid, with the SV40 origin, the BPV cis- and
trans-acting loci and a neomycin resistance factor, that was maintained as a mul-
tiple copy plasmid in a drug resistant Cos-7 cell line with a regulated replication
of the hybrid plasmid. Although they have not grown the cells free of the anti-
biotic to see if the cell line is stable, the plasmid appears to replicate once per cell
cycle. This model system of origin regulation may give some ideas of how the
chromosomal origins operate. However, the mechanism by which the trans-act-
ing factors interact differentially with the unreplicated and the newly replicated
origins in an S-phase is not revealed.

3.2 The Nature of Chromosomal Origins for Replication

Although the origins of viral genomes may give clues about the chromosomal
origins, they have evolved to support run-away replication in the proper cellular
environment and therefore must escape any trans-acting factors produced by
chromosomal genes. We must isolate and study the chromosomal origins to learn
their characteristics. The lack of an appropriate assay for origins has frustrated
attempts to isolate and clone origins except in yeast. There, the existence of a
small plasmid with an origin similar to those of the chromosomes has made the
isolation of functional origins from a number of sources possible. These se-
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quences, called autonomous replication sequences (ARS), contain a concensus se-
quence (A/TTTTATA/GTTTA/T) (Broach et al. 1983), but may lack regulatory
sequences of the type described above. Those isolated from other organisms have
not been shown to act as origins in the donor cells.

A suggestion that the large family of repeats (Alu-type) that are dispersed
throughout the genome of mammals (Jelinek et al. 1980) may be origins has some
experimental support. They have maintained a highly conserved region of 9—
14 bp homologous to the SV40 origin. Johnson and Jelinek (1986) were able to
demonstrate a limited replication of a plasmid containing one of the Alu repeats,
BLUR 8, when transferred to Cos cells which have a constitutive production of
T antigen known to be essential for the replication of SV40 DNA. The vector
plasmid, pBR322, failed to replicate in the same cells. These experiments do not
indicate necessarily that Alu repeats serve as chromosomal origins, but provide
a possible assay for a cloned chromosomal origin that can be transferred by tech-
niques used for DNA transformation.

The major problem in isolating chromosomal origins has been the lack of a
suitable assay. Several researchers have injected plasmids into Xenopus eggs, but
the egg appears to be too permissive (Mechali and Kearsey 1984); any DNA will
replicate and the differences in efficiencies reported (Watanabe and Taylor 1980;
Hirago et al. 1982; Chambers and Taylor 1982) may not be indicative of func-
tional origins. Recent attempts to demonstrate replication of plasmids containing
the repeats found in the presumptive origins cloned from the Xenopus genome in
similar transient transformation experiments failed (Riggs and Taylor, unpub-
lished). However, without a positive control, the adequacy of this test remains un-
certain. The problem of studying the replication of plasmids in higher eukaryotic
cells is their tendancy to integrate or be lost at division because of their failure
to move on the spindle. An exception is the circular genome of the bovine papil-
loma virus, which replicates in cultured mouse cells as a plasmid. The genome has
two maintenance sequences which may be equivalent to origins. If either of the
maintenance sequences is removed, the BPV plasmid can still replicate but it be-
comes subject to integration. The intact plasmid is maintained as a separate small
ring of DNA at a copy number of about 150 (Lusky and Botchan 1984). It rep-
licates in synchrony with the chromosomes once each S phase. However, in cer-
tain skin cells in vivo it produces virus in what must be a run-away type of rep-
lication like other DNA viruses. As indicated above this plasmid may be useful
as a model for chromosomal origins.

A potential origin of replication has been identified by Burhans et al. (1986)
near the dihydrofolate reductase (DHFR) gene in Chinese hamster cells. In a cell
line with about 1000 copies of the gene they have identified a region downstream
of the gene that replicates first in the early S-phase. Among several cloned seg-
ments from this region, one hybridizes preferentially with pulse-labeled Okazaki
fragments produced during the first few minutes of S-phase. Since the adjacent
cloned segments hybridize to a greater extent with fragments produced later in
S phase they think the origin is localized in this segment of about 1500 bp, which
replicates first. However, no other functional test has been devised to verify the
hypothesis.
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4 The Timing of DNA Replication over the S-Phase

Early attempts to demonstrate that replicons exhibit a precise sequence in the
S-phase were unsuccessful (Amaldi et al. 1972; Adegoke and Taylor 1977). These
results led me to the conclusion that replicons may not have a precise time for rep-
lication except that all early replicating DNA must finish before the pause (Fig. 1)
that usually occurs before the transition to late S. Origins probably have different
affinities for the replication complex of proteins. Those with the highest affinities
will replicate very early, but even some of these may not follow a precise sequence.
I am aware of two studies that could be an exception and may indicate a more
precise control. One is a study of the timing of replication in the slime mold,
Physarum, which has a multinucleate plasmodium. The nuclei divide in syn-
chrony and transcription appears to begin exclusively, or preferentially, in the
replication eyes. Three actin loci replicate during the first 8-10 min of S-phase
while the fourth replicates 80—90 min into S-phase, which in this species is late S.
The chronology is invariant in consecutive cell cycles (Pierron et al. 1984). It is
possible that in this species mRNAs for transacting initiation factors depends on
the activation of a previously replicated set of replicons as S-phase proceeds. The
other study by Schildkraut (personal communication) shows that in several
mouse cell lines a cluster of immunoglobulin, IgCy, genes replicate in the follow-
ing order: a, ¢, y2a, y2b, y1, y3, 4, and y, followed by J and D segments. The genes
with that order in the chromosome replicate during the first half of S-phase in ery-
throleukemia (MEL) cells, in fibroblasts, hepatoma cells, and a T-cell lymphoma.
In contrast, in two plasmacytoma lines and two leukemia transformed pre-B cell
lines, all genes replicate in early S with no obvious temporal order. The whole
cluster comprises about 300 kb DNA that could be a huge replicon or possibly
a cluster of replicons that fire in sequence in some cells.

All of these examples can be accomodated in a model with an early S-phase
(Sg) and a late S-phase (S;) with a gap in synthesis between as indicated by pulse
labeling across S-phase (Stubblefield et al. 1967; Collins 1978; Schempp and Vo-

mid-S pause

Fig. 1. Cell cycle showing the hypothetical pause at mid-S-phase as indicated by evidence pre-
sented in the text
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Fig. 2. Graph showing incorporation of [*H]-thymidine into DNA of Chinese hamster cells over
the S-phase. Data were obtained by prelabeling the DNA with [**C]-thymidine and selecting cells
by shaking off dividing cells. No other treatment was used to synchronize cells after their removal
from the original cultures. Cells were distributed to small flasks and pulse labeled for 10 min with
[*H]-thymidine at 30 min intervals beginning 4 h from metaphase. Data from four independent
experiments are combined and the vertical lines indicate standard errors of the means. The S-
phase was measured to be about 7 h in other experiments; the longer interval indicated by these
data represents asynchrony of the transit through S-phase. The dip in the rate of synthesis that
reaches a maximum at 10 h after division represents the pause in mid-S. The small dip on the
ascending curve at 7 h has not been regularly observed and considering the large standard error
of the preceding point it probably does not represent a second pause. (From unpublished data
collected in my lab by N. M. Straubing in 1969)

gel 1978; Schmidt 1980). The first two studies indicated a pause between the first
half of S-phase (Sg) and the second half (S;) when synchronized cells in culture
were pulse labeled with [*H]-thymidine, and collected at division over short inter-
vals for counting of the radioactivity in the DNA (see Fig.2 for the results of a
similar experiment). In the last two studies synchronized cells were labeled for 1 h
with BrdU and dividing cells collected at hourly intervals. The chromosomes were
examined by microscopy after staining for replication bands by the 33258-
Hoechst-Giemsa method (Perry and Wolf 1974; D’Andrea et al. 1973). Those
bands that have replicated in the presence of BrdU lose their dark staining capac-
ity after this treatment. Although there is some replication during the mid-$
pause, the bands that are typically either early or late do not replicate in that in-
terval.

The above studies indicate at least two time compartments, which would al-
low a gene or segment of a chromosome to form complexes with certain DNA-
binding proteins if replicated in one compartment. If, in another cell, that same
segment replicates in another time compartment, the complexes formed could be
different if the proteins available at that time were not the same. One complex
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might be compatible with transcription of the segment, while the other would not
be. As long as replication of the chromosomal segment remains in the same com-
partment, each cycle will regenerate either the potentially functional or the re-
pressed state of the segment.

The X chromosomes of mammals would represent a specialized use of these
two systems of general regulation to suppress one allele of most of the X-linked
genes in cells of females. In this way dosage compensation can occur when the
males have one set of the genes and females have two.

5 Possible Factors
that Suppress Late Replicating X Chromosome Genes

As mentioned above, I would like to propose that S-phase in most cells con-
sists of two compartments, early replicating (Sg) and late replicating (S, ) periods
usually interrupted by a short interval. This idea has considerable evidence to sup-
port it, but there appear to be exceptions and it should be considered a working
hypothesis. There may be satellite DNAs that can be programmed outside these
two principal compartments, since they may not have promoters for transcrip-
tion. In addition, the rapidly dividing cells in some early embryos probably do
not have these compartments. The only regulation necessary at that time may be
the one that prevents two rounds of replication per S-phase. Probably origins are
preprogrammed to replicate either early or late when the specific factors that dif-
ferentially bind origins are first produced and cells begin to differentiate. Hetero-
chromatin begins to appear. Brown (1984) has given us a model system in describ-
ing the transcription factors of the 5SS RNA genes. Could heterochromatin be
DNA without or with a reduced level of transcription factors? Some origins may
be modified to respond to replication complexes of either early or late S-phase,
perhaps others cannot. Before commenting further on these ideas, let us briefly
review the way in which the late replicating X chromosome has developed.

The out-of-phase replication of the two X chromosomes, or the differential
segments of these chromosomes, was the first example studied because the seg-
ments involved are so large and the differential gene expression had already been
predicted by Lyon (1961) before she knew about the differential replication. She
related the gene inactivation to the heterochromatic state of one of the X chromo-
somes that had been discovered by Barr and Bertram (1949). When the differen-
tial replication was revealed (Taylor 1960; German 1960) more attention was
given to the fact that the differential segment continued replication longer than
most other segments in the nucleus. For this reason the X could be identified in
the human complement before the chromosome banding techniques were avail-
able. However, I was impressed by the completely out-of-phase replication in the
Chinese hamster cells and suggested that Petersen (1964), a visiting scientist in my
lab, study the timing of the X chromosome replication in human lymphocytes.
Like the Chinese hamster, the study showed the complete asynchrony with one
X chromosome replicated in the first 3 h and the other replicated in the last 3 h
with no apparent overlap. We thought the asynchrony might have a connection
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with inactivation, but the mechanism was difficult to imagine at that time. The
hope was that the nature of heterochromatin and its connection to gene inactiva-
tion might be revealed. Davidson et al. (1963) demonstrated that a gene, encoding
glucose phosphate dehydrogenase (G6PD) is inactivated on the late replicating
X, but many years passed before experimental evidence concerning the mecha-
nism of inactivation became available. Riggs (1975) had proposed that the inac-
tivation could be related to differential DNA methylation. The first break came
with the demonstration by Mohandas et al. (1981) that the inactive genes on the
late replicating X chromosome could be activated by treating the cells in culture
with azacytidine. This drug is converted to deoxyazacytidylate and incorporated
into DNA in place of deoxycytidylate. When DNA methylase reacts with this
analog it not only fails to methylate that site, but is bound in an inactive complex
perhaps long enough to prevent methylation at adjacent sites (for review see Can-
toni and Razin 1985). The demonstration was made in a cell hybrid produced by
fusing a human cell with a mouse cell and selecting a cell line without HPRT (hy-
poxanthine phosphoribosyl transferase), but with an inactive X chromosome
marked by a translocation. When cells were selected for HPRT, two other X-
linked genes, encoding G-6PD and PGK were activated at a frequency higher
than when considered as independent events. However, the X chromosome did
not become early replicating and the time of replication of the reactivated genes
was not determined. In fact the change in methylation of the reactivated loci
could not be determined. When Wolf and Migeon (1982) tried similar treatment
on mouse cells in culture, they were unable to obtain reactivation of the same loci.
Recently, Migeon et al. (1986) succeeded by producing a hybrid of mouse A9 cells
(HPRT ™) with human chorionic villi cells. With these cells it was not necessary
to treat with azacytidine, but only to select cells that were HPRT ™. Although the
chorionic villi have a late replicating X chromosome, the inactivation is less strin-
gent than in fibroblasts derived from the embryo. They found some of the genes
in the chorionic villi cells to be expressed at a low level.

Shafer and Priest (1984) reported rather extensive changes in the time of rep-
lication of a number of chromosomal bands, as well as the late replicating X, in
cells treated with azacytidine and examined a few divisions later. It is possible that
in the experiments of Mohandas et al. (1981) and Wolf and Migeon (1982), the
long period of selection necessary to isolate the reactivated cell lines resulted in
the loss of cells with extensive changes in replication patterns. Certainly azacy-
tidine is lethal to many of the treated cells. Recently, Jablonka et al. (1985) re-
ported the advance in time of replication of the differential segment of late rep-
licating chromosome of the vole, Gerbillus gerbillus, after treating the cells in cul-
ture with azacytidine. Although they had no mutant genes to check for reactiva-
tion, they found that the X-chromatin of the shifted chromosome had become
sensitive to DNase I similar to other transcribable segments. Their success may
also be due to the fact that they examined the cells a few cell cycles after the treat-
ment rather than after many cell cycles required to isolate clones of cells from
those originally treated.

These experiments indicate that azacytidine advances the time of replication
of segments of the late replicating, inactive X. At the same time, certain sup-
pressed genes are reactivated. Is the reactivation due to demethylation of the of
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specific sites in the genes or to the shift in time of replication? It could be both,
but measurements by Jablonka et al. (1985) indicated an overall reduction of
DNA methylation of only 15%. Activation of a gene encoding a trans-acting fac-
tor for replication could also be involved. No definitive answer to these intriguing
questions is likely to be available until we are able to clone origins and find func-
tional assays. However, there is evidence that trans-acting factors are involved in
the control of time of replication.

Somssich et al. (1984) have demonstrated a shift in the time of replication of
band E in chromosome 15 of the mouse and their observations suggest the action
of trans-acting factors. The E-band contains about 10,000 kb DNA and normally
replicates early in S-phase in most cells in culture. In certain T-cell tumors it has
shifted to later replication. In hybrids produced by fusing tumor cells with non-
tumor cells, the clones derived varied from highly tumorogenic to others of low
tumorogenicity, measured by the ability to establish tumors in recipient mice. In
a number of the cell hybrids the source of the chromosomes could be determined
by having one marked with a translocation. Regardless of the source, the E-band
on different chromosomes always replicated at the same time in the S-phase, ei-
ther early or late in any one cell. This clearly indicates that the time of replication
of this large segment (band E), consisting of many replicons at the molecular
level, is regulated by trans-acting factors. The location of these factors could ei-
ther be on chromosome 15 or possibly some other chromosomes of the comple-
ment. The significance of the shift in time of replication in terms of gene ex-
pression is not so clear. The shift to later replication might be expected to suppress
some genes in the band, but the only known locus nearby appears to be the c-myc
gene involved in the production of plasmacytomas and correlated with the 15D3/
E translocation in which the distal part of the chromosome is moved to chromo-
some 6 or 12. According to Somssich et al. (1986), the shift in time of replication
of the E-band is not from Sy to S, but represents a disappearance of the typical
early replication band detected by BrdU incorporation in the last half of S-phase.
These replication bands are different from either R-bands or G-bands (von Kiel
et al. 1986). They examined ten chromosomal regions in man and the domestic
cat with known genetic homology. In three of the regions replication banding and
G banding are similar, but in seven chromosomal regions the homology seen with
replication banding is greater than if G banding is compared. Likewise, R band-
ing fails to reveal the same degree of homology as replication banding (replication
banding refers to bands revealed by growing cells in BrdU during the last half of
S-phase and staining by a procedure that makes dark bands in thymine-contain-
ing DNA replicated before BrdU was available). Two plasmacytoma cell lines
from mice, J558 and MPC-11, were examined but did not have the variant rep-
lication pattern seen in the T-cell tumors. This situation may be comparable to
the one to be described in more detail below by Brown et al. (1986) in which the
cluster of immunoglobulin constant region genes are replicated very early in cells
where they are functional, but in fibroblasts, hepatoma cells, MEL cells, and T-
cells where the genes are not transcribed, they are replicated over a 3 h period
from early to mid-S in the same sequence as their map position in the chromo-
some. Certainly the correlation between R bands and early replicating DNA and
G-bands and late replicating DNA is not very precise. Whatever the explanation,
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shifts in time of replication of bands as large as 15E must be rare or these would
have been discovered in comparing replication patterns of different tissues. Per-
haps the shifts usually involve smaller units of the type described by Calza et al.
(1984), in which small clusters, or rarely single large genes are involved in the
shift.

With the above background, we can consider the mechanisms of regulation.
The time of replication could be regulated by a combination of cis- and trans-act-
ing factors analogous to the small BPV genome. The azacytidine could activate
a gene, or genes, that produce the trans-acting factors necessary to make the shift
in the time of replication in the X chromosome. This assumption still requires a
difference between the two X chromosomes, perhaps at the level of the origins of
each replicon, that could make the two types respond differently to trans-acting
factors. However, it may be easier to imagine a mechanism that develops slowly
to program an X before the switch becomes effective at the time trans-acting fac-
tors are produced. The switch from isocyclic to heterocyclic replication occurs
during the course of one cell cycle at various times during early development. It
should not be surprising that the reversal can occur in the same time interval
whatever the mechanism. Like other events in development, there may be a deter-
mination stage followed by several to many divisions later by the differentiation
which in this instance is a switch to late replication with consequent suppression
of the genes. The switch in time of replication appears to be induced more readily
in cell hybrids (Mohandas et al. 1981; Migeon et al. 1986), where both trans- and
cis-acting factors may not operate as effectively as in the balanced differentiated
diploid genome. The only cells besides the cell hybrids in which Somssich et al.
(1984) found variants in the replication of 15E were embryonic liver cells and ter-
atocarcinoma cells, both of which are capable of differentiation. The individual
genes reactivated by azacytidine could be due to changes in methylation in their
promoters, but to make this change effective a switch in the time of replication
might also be required. If the time of replication turns out to have an important
role in gene regulation, there are likely to be complex regulatory systems that can
be disengaged at different levels to prevent irregular and spontaneous shifts. Pro-
ducing cell hybrids between species might disengage one level and make the sys-
tem more susceptible to manipulation. Certainly, the mechanism regulating the
X chromosome is far from being solved, but I predict that it evolved in a genetic
background in which the general mechanism of suppression in relation to time
of replication was already established.

6 Possible Mechanisms of Suppression of Late Replicating DNA

Now we are ready to examine the clues which are available to indicate how
the differential suppression of genes operates in connection with time of replica-
tion. There is no reason to think that cells utilize this system for the day to day
operations of gene regulation. Only those loci that have to be used rarely in the
life cycle or may not be needed again in the life of the organism would be relegated



184 J.H. Taylor

to a general suppression of the type visualized here. The expression of the 5S
RNA genes in Xenopus is an example that has been reviewed by Brown (1984).

Xenopus has about 20,000 copies of the 5S RNA gene of the oocyte type and
400 of the somatic type. All are expressed during oogenesis when many copies of
58 RNA are required in the growth of the oocyte, but only the 400 somatic-type
genes are expressed in most somatic cells. The genes have similar sequences, but
are different enough so that the somatic type binds the transcription factor, des-
ignated TFIIIA, with a greater affinity than the oocyte type. The promoter for
the 58 RNA genes is an internal one and to be transcribed by RNA polymerase
III each gene must be complexed with TFIIIA and two other transcription fac-
tors, B and C. The TFIIIA is thought to bind first and the complex is completed
by the addition of factors B and C. If the DNA is already complexed with all of
the histones, the transcription factors do not compete effectively to make the
genes transcribable. In the oocyte the transcription factors are very abundant,
about 3 x 10'° molecules per cell or 5 x 10° molecules per 5S gene. In somatic cells
there is less than one molecule per 5S RNA gene. Because of the shortage of tran-
scription factor molecules and their higher affinity for the somatic-type genes,
only somatic-type 5S RNA is transcribed in most cells. Once bound to the genes
the factors form a stable complex that is not displaced by histones. Many rounds
of transcription can occur without disruption of the complex. However, in the ab-
sence of transcription factors in the medium a single round of replication disrupts
the complex and the gene becomes inactive in the presence of histones (Bogen-
hagen et al. 1982; Brown and Schlissel 1985).

To make the system operate more effectively the cell has evolved an S-phase
regulation in which the somatic-type genes are replicated in early S-phase, while
the oocyte type are replicated later. Guinta and Korn (1986) used a fluorescence-
activated cell sorter to separate growing cells of Xenopus into different fractions
of the cell cycle. They measured the length of the cell cycle of cells in culture to
be 40 h with an S-phase estimated to be 9 h. An exponentially growing population
of cells was labeled with BrdU for 3 h and then fixed and stained with propidium
iodide. The cells were sorted into G1, S1, S2, S3, S4, and finally G2 plus the mi-
totic group. The DNA was isolated from each fraction and separated by buoyant
density in a cesium chloride gradient. Fractions were collected and applied to ni-
trocellulose filters in a slot blot apparatus. The DNA was then hybridized to a
[32P]-labeled probe specific for somatic 5S RNA genes. The fraction with highest
buoyant density hybridized when it was obtained from cells in the first quarter
of S-phase, but not from those at later stages of S-phase. The time of replication
of the oocyte type is not as restricted; some heavy-light DNA hybridized from
cells selected to be in the first quarter of S-phase. However, most of the oocyte-
type 5S RNA genes replicated in the last quarter of S-phase with a smaller frac-
tion in the third quarter. Replication could be restricted to the last half of S-phase
considering that the sorting of cells on the basis of staining may not be perfect.
In fact, another study of the same system by Gilbert (1986), who used similar tech-
niques shows that most of the oocyte type genes replicate in the last quarter of
S-phase, with very little if any replicated in the first half.
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7 Are Time Compartments Very Significant
in Gene Regulation?

There are many indications from genetic studies that heterochromatin may be
inactive and much of the heterochromatin replicates late in S-phase (Lima-de-
Faria and Jaworska 1968). Now that we distinguish so many types of DNA and
control of the timing of replication may be at the level of replicons, it is probably
not useful to think in terms of heterochromatin if we can be more precise in our
definitions. I have suggested that it may be useful to consider two major compart-
ments for replication. This does not imply that all DNA must fall into one of these
classes. Some DNAs, particularly repetitive DNAs, may not operate under the
same regulatory system. Certain replicons are switchable; others may not be. I
would expect that to be a property of the origins. Assuming that there are origins,
these sequences may operate in clusters, either responding to common trans-act-
ing factors or possibly shifting independently of the cluster in some instances. If
the time compartments prove to be of significance most of these questions will
be answered experimentally in the future. Now there is only enough information
to make them interesting for those who are willing to speculate.

There are several studies which indicate that the potential for expression of
some genes is correlated with the time of replication as implied throughout this
review. Considerable attention has been given to the globin genes (Furst et al.
1981; Goldman et al. 1984), but there are many unanswered questions about how
the cluster operates. In erythroleukemic cells the cluster appears to be early rep-
licating even though some are not inducible. In at least one cell, HeLa, the $-glo-
bin gene is replicated in late S. All of the constitutively active genes examined in
several cell types are early replicating. In fibroblasts the genes that are expressed
only in specialized tissues are late replicating. The time of replication in most tis-
sues in which these genes are expressed has not been examined because appropri-
ate cell lines are not available for synchronization of the division cycle. One ex-
ception is immunoglobulin heavy and light chains of the mouse studied by Calza
et al. (1984) and Brown et al. (1986).

Brown et al. studied the time of replication of the murine immunoglobulin
heavy chain constant region genes (IgCy) in several cell lines. In MEL cells, fibro-
blasts, hepatoma cells, and T-cell lines, this cluster of genes replicate in the first
half of S-phase. Furthermore, they replicate in the order of their sequence along
the chromosome which is a, ¢, y2a, y2b, y1, y3, §, and p in these cell lines, but in
Ig-producing cells and pre-B lymphoid cells the same cluster replicates early with
no detectable directionality.

Recently, we have approached the problem in a different way (Sturm and Tay-
lor, unpublished). A retroviral vector, SNV plasmid (derived from avian spleen
necrosis virus), has been constructed that will move the herpes simplex virus thy-
midine kinase (HSV TK) gene into mammalian cells (Watanabe and Temin 1983).
The long terminal repeats in the vector are intact and downstream of the 5’ one
is the encapsidation site. The HSV TK gene has been inserted intact except the
polyadenylation region had to be removed to allow the full-sized modified ge-
nome to be transcribed and processed efficiently for encapsidation (Fig. 3). The
other viral genes were removed and the modified viral genome with the TK gene
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Fig.3. Diagram of the genome of the retroviral vector (an avian spleen necrosis virus) for the
HSV TK gene cloned into the bacterial plasmid, pBR322. (After Watanabe and Temin 1982)

was inserted into the bacterial plasmid pBR322 so that it could be amplified in
E. coli. The plasmid was then transfected into chicken cells along with a plasmid
containing a helper virus (a slow replicator) so that the modified viral genome
with the TK gene was coated and released into the medium at a ratio of about
10:1 to helper virus. Buffalo rat cells (TK ™) can be infected with the viral mix-
ture. Although these cells are nonpermissive for virus reproduction, the modified
retroviral genome with the TK gene is efficiently integrated into the buffalo rat
chromosomes. At low multiplicity of infection usually only one, or rarely two,
copies of the TK gene are integrated into chromosomes of any one cell.

We selected transformed cells in HMT (hypoxanthine, methotrexate, thy-
midine) medium. If cells do not have thymidine kinase they quickly die in this me-
dium. Once we had established that transformants were frequent, we isolated
clones from nonselected cells that had been transfected and screened them by
Southern blots to detect the HSV TK gene. Of 86 clones screened, 26 were found
to have the gene. When the isolates were grown in HMT medium, only two were
capable of growth. In the others the gene is defective or cryptic. Of 21 clones
which tested positive for the sequences of the TK gene, eight were normal se-
quences on the basis of digestion with six different restriction endonucleases. We
call these clones with a normal integrated TK gene, cryptic clones, because the
apparently normal gene is hidden, i.e., not expressed. There is no reason to believe
that all of these genes are defective in nucleotide sequence. One is certainly not
since it reverts with a frequency greater than 10~ %, while most other cryptic clones
revert at frequencies of less than 10~ 7. The clone with the high spontaneous rate
can be increased 1000-fold by treatment with azacytidine for one or two cell
cycles. This observation suggests that this copy of the gene has become methyl-
ated and that the azacytidine leads to expression by inhibition of methylation of
the new copies. We have also determined that this cryptic copy is replicated in
early S-phase, both before and after activation by azacytosine. The time of rep-
lication was determined by a technique described by D’Andrea et al. (1983). Syn-
chronous or asynchronous cells were pulsed labeled for 2 h with BrdU. If syn-
chronized cells were used, replicate cultures were prepared and two were lysed im-
mediately after the pulse and at each 2 h interval thereafter. The DNA was ex-
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tracted and irradiated with long wavelength UV light after staining with
Hoechst’s dye. This treatment breaks the BrdU-containing DNA about 20 times
as frequently as the thymine-containing DNA. Appropriate digestion with S, nu-
clease completes the break of both strands in the DNA labeled during the pulse.
When Southern blots are prepared the bands are reduced in intensity, because of
this breakage, in proportion to the amount of newly replicated DNA in each lane.
Densitometer tracings indicate the fractions in which the TK gene was replicating
most rapidly.

All of the functional genes examined are replicated in early S. So far, all of
the cryptic genes are also early replicating genes. Although our working hypoth-
esis had been that the viral vector would be integrated at random, it looks as if
early replicating sequences are highly preferred. If that is correct, these observa-
tions indicate that only early replicating sequences can be expressed, and the virus
has evolved integration mechanisms that favor transcribable sites. However, not
all early replicating sites are equally available to RNA polymerases. Perhaps early
replication is a prerequisite for gene expression, but a number of other levels of
control are likely to operate that modulate or prevent expression of early replicat-
ing genes.

8 Transcription Factors for Polymerase II in Mammalian Cells

If we use the Xenopus 5S RNA genes as a model we might expect that the dif-
ference between early and late replicating DNA is that the former is complexed
with transcription factors, while the latter is not. Maybe the factors are always
in limited supply and are synthesized only in early S-phase. Of course, the situa-
tion could be much more complex. Jones et al. (1985) have found that the HSV
TK gene requires at least three transcription factors which bind to specific regions
of the promoter region (Fig.4). Two Sp1 factors bind to regions that bracket a
third segment binding a factor that operates with the TK gene, but not with sev-
eral other promoters tried in an in vitro system. Sp1 was discovered to be essential
for the transcription of the SV40 early genes where several binding sites are avail-
able. I know of no experimental evidence to indicate the affinity of these tran-
scription factors relative to histones, but it is possible that once the sites are oc-
cupied, a stable complex is formed which makes the early replicating gene tran-
scribable when the appropriate factors are available.

AR - ATTsscomr1e - Gogocigos —>—4mTTa—

Sp i CTF Sp1

Fig.4. Diagram of the region of the promoter of the HSV TK gene which binds transcription

factors and makes the gene transcribable by RNA polymerase II. The arrows indicate reverse re-

peats that bind the same factor as the 21 bp repeats of SV40. The middle factor designated CTF
binds at the CAAT box and all are 5 to the TATTA box. (After Jones et al. 1985)



188 J.H. Taylor

It is conceivable that transcription factors different from those produced in
early S are also produced in late S-phase. These could bind a subset of the pro-
moters of genes replicated in late S and make them available at certain stages in
development without the necessity of switching their time of replication. The fact
that evolution has preserved the late replicating genes rather than eliminating
them as in chromosome diminution (W. Beerman 1953 and S. Beerman 1966) sug-
gests that these late replicating genes may have retained some functions. We will
require much more data on such regulatory mechanisms in order to make predic-
tions about the potential for transcription of individual genes or gene clusters.
Even when we know when they replicate and whether switches occur frequently
or rarely during cell determination stages, we will have only a fraction of the nec-
essary information. To predict transcription of genes in cell hybrids, for example,
one needs to know the history of the gene, at least the time of replication in the
parental cells and their potential for transcription in those cells. Does the time of
replication change in a hybrid produced by cell fusion? For example, if a cell with
a late replicating S-globin cluster is fused with an erythroleukemic cell with an
early replicating f-globin cluster, what will happen? Will trans-acting factors
switch one or the other of the clusters, or will both be stable? How will DNA
methylation affect the genes? Perhaps methylation of CpG in a binding site for
a transcription factor will change the binding affinity. In other cases the methyl-
ation may act at the level of replication timing, presumably by modifying the or-
igin of replication and affecting the formation of a replication complex. We can
only guess now, but at last we have possible molecular mechanisms for differenti-
ation related to DNA replication that for so long was an imponderable mystery.
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Appendix

Wolfgang Beermann and I have shared a common interest in developmental
biology of many years. The difference was that he made significant discoveries
early in his research career that had great significance for our understanding of
the changes in chromosomes related to development. I wandered through many
byways before I came back to my early interest by studying DNA methylation.
Along the way I became involved in the DNA replication story in a way that di-
verted my attention for many years, but never obscured my interest in and ap-
preciation of the fundamental contributions of Beermann and his students. An-
other difference was in our training. I am 5 years older and therefore my Ph.D.
training preceded the war at a time when the classical period of genetics was com-
ing to a close, but cytochemistry and molecular biology had not yet become a part
of the curriculum of most graduate schools, including the University of Virginia
where I was trained. Some of my professors received their postdoctoral training
in Germany in the 1890’s, when what we call the classical period of genetics was
just beginning. Beermann likewise must have been trained in classical cytoge-
netics, but at a time when cytochemistry and biochemistry was more a part of the
training, I think. Yet both of us came into the field at an exciting time when great
ideas were beginning to proliferate, but techniques for testing them were few. We
had to learn and grow with the new biology as it developed in a way that is dif-
ficult for those who entered later to appreciate.

A Personal View of How the Importance of DNA
was Discovered
and the Making of a Molecular Biologist >

DNA was discovered in 1872 by Miescher in Tiibingen, Germany. He isolated
an acetic organic polymer from the nuclei of pus cells obtained from the wounds
of soldiers who had fought in the Franco-Prussian War. Later, he obtained a simi-
lar material from trout sperm. The material was studied extensively in the suc-
ceeding years and during the early part of this century its components had been

2 (Written in 1976 on the twentieth anniversary of our discovery of semi-conservative distribu-
tion of DNA in chromosomes by the use of tritiated thymidine.)
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analyzed and shown to be phosphate, sugar, and four cyclic bases, two pyrimi-
dines and two purines. It was thought to be a simple repeating polymer composed
of tetranucleotides with the four bases, adenine, guanine, cytosine, and thymine
in equal proportions. E. B. Wilson, the noted embryologist and cytogeneticist at
Columbia University, had speculated on its properties as the hereditary material
in the 1890’s, but in 1925, when he published his final edition of the monumental
text, The Cell in Heredity and Development, he had given up that youthful idea.
Like his contempories, he had concluded that proteins were the stuff of which
genes are made. DNA, or thymonucleic acid as it was called, was far too simple
and evanescent, he thought, to be of much importance in the cell’s life history.
It was abundant in certain animal cells and a similar material, yeast nucleic acid,
now called RNA, was known to be abundant in plant cells.

In 1944 O.T. Avery and his colleagues at the Rockefeller Institute for Medical
Research located on the East River in Manhattan, demonstrated that DNA is the
genetic coding material for bacteria. He showed that highly purified DNA ob-
tained from virulent strains of Preumococcus transformed avirulent types into
deadly bacteria, which produced a mucopolysaccharide coating and killed mice
in which the parental strain was harmless. Did the world take note and shout with
joy, or even with anger that scientists were tampering with our genes? No, not
really. The world was at war and many of its people had been in this state for 4
or 5 years. That year also happened to be the one that my Ph.D. in biology was
awarded for research in genetics. I am not sure that I had ever heard of Avery,
but my head had been filled with the concepts developed and published by T. H.
Morgan, H.J. Muller, Calvin Bridges, C.D. Darlington and even John Belling,
a cytologist who had spent some time in a then little-known university in Florida.
When the degree was granted, I had already been in the South Pacific for some-
time fighting the war of mosquitoes, malaria, and mud on lonely atolls and in is-
lands surrounded by barrier reefs.

Soon after the publication of his monumental treatise, Avery retired to his na-
tive Tennessee for the remainder of his life. He was a modest, but perceptive man
who had labored to find the transforming principle since about 1928 when Grif-
fith discovered transformation of Pneumococcus in vivo. Griffith had injected
mice with both dead virulent bacteria and live avirulent bacteria of the same spe-
cies. He obtained a lethal infection. From the sick mice he isolated virulent bac-
teria similar to those dead ones injected with the live harmless ones. Few believed
him, or paid much attention, but Avery and his colleagues labored through the
years to find the active principle, the transforming material contributed by the
dead bacteria.

Avery realized the significance of his discovery, as indicated by a letter that
he wrote to Max Delbruck at that time. However, the long paper that documents
the evidence that highly purified DNA is the transforming principle is difficult to
read. Even Avery had been reluctant to accept the implications until he obtained
the highly purified and specific enzyme, deoxyribonuclease, from his colleague at
the Rockefeller Institute, Dr. Moses Kunitz. This enzyme was highly effective in
destroying the purified, active transforming material, while various proteases
were ineffective. In spite of the evidence, many geneticists considered this a special
case applicable only to bacteria. Others thought that small amounts of residual
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protein in his preparations might be the active principle. Other experiments and
a workable model for DNA were required to change the thinking about the na-
ture of the gene.

A few years later when I went to the University of Oklahoma to teach genetics
at that outpost of learning in a state made famous, or infamous, by Steinbeck’s
book Grapes of Wrath, and Rogers and Hammerstein’s Broadway show Okla-
homa, 1 was made aware of my own ignorance, as well as of that of the students
who were to enroll in my genetics course that year. Toward the end of the first
term one fiery, red-haired young lady, who had been delighted by my arrival from
the eastern Halls of Learning, was now disappointed. She had read all of the text-
books I had assigned on genetics, but had not found the answer to the most im-
portant question: what is a gene? She wanted me to tell them of what it is com-
posed and how it produces an identical copy of itself. None of the books had an
answer and tears of anger and frustration came into her eyes when I also had to
admit ignorance. She blamed me personally for the world’s lack of knowledge,
and felt sure that I was deceiving her to cover my own ignorance.

The next episode in this tale occurs about 10 years later, in late August of
1956, in a rather small open classroom in Storrs, Connecticut. The Genetics So-
ciety of America was holding its annual meeting at the University of Connecticut
and I was scheduled for a 15-minute talk, one of the short papers on the program.
Word had spread around that something dramatic was to be presented and the
room was not only full, but others who could not get in stood outside the open
windows and looked into the partially darkened room. I was presenting the re-
sults of some very recent, preliminary experiments of the labeling and distribution
of chromosomes in dividing cells of the broad bean, Vicia faba. Walter L. (Pete)
Hughes, Phillip S. Woods, and I had labeled thymidine with tritium, at that time
a little-used isotope of hydrogen, and employed it to trace the behavior of DNA
in the reproduction of chromosomes. DNA replication was known to occur
preceding each division and our experiments were designed to test the hypothesis
of Watson and Crick concerning the mechanism of that replication.

Among the audience was A.H. Sturtevant, the well-known and highly re-
garded Drosophila geneticist from CalTech. I did not know of his presence at the
time, but he carried the word of our experiment back to CalTech, where he told
George Beadle, Max Delbruck, and Linus Pauling, among others, of our results.
Others left the meeting at Storrs, Connecticut, and went to Japan, where a world
congress was in progress on the biochemistry of DNA. My colleague at Columbia
University, Francis Ryan, heard about our experiments in Japan where he was
attending the same meeting. Francis Crick, who was also in Japan, took the mes-
sage back to Europe. In less than a week after we had reported our preliminary
experiments, the results were known around the world, while 12 years earlier
Avery’s more fundamental and far-reaching, well-documented work had been
known only to a few selected scientists, primarily biochemists who were interested
in nucleic acids.

The alert ones among you will remember that 10 years have elapsed between
this scene and the last one in which I was confronted by the impatient young lady
at the mid-western university where I began my teaching career. I was now (1956)
in what many regard as the center of the world, New York City, and worked daily
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down the hall from where Thomas Hunt Morgan, E. B. Wilson, A. H. Sturtevant,
and Calvin Bridges a generation earlier had ushered in a new era in genetics. Their
pictures were hanging on the walls of our seminar room, along with others such
as H.J. Muller. He had worked somewhat isolated from the genetics group in a
separate small laboratory on a different floor in the same building. That summer
of 1956 1 had plans to work at the Brookhaven National Laboratory as I had for
the previous 3 years. However, this summer had more exciting prospects. I plan-
ned to prepare *H-thymidine and study its segregation in chromosomes at divi-
sion. Where had I been for 10 years? I had been wandering and at times fasting
in the wilderness to gain a better vision of the genetic material of cells. What
wilderness? Oklahoma, Tennessee, and finally Manhattan and the catacombs of
Columbia University’s Schermerhorn Building.

During that period, I had one summer come to the pleasant shores of Lake
Mendota, on which stands the University of Wisconsin, where the Genetics So-
ciety of America was celebrating the half century of progress in genetics, mea-
sured from the independent rediscovery of Mendel’s work in 1900 by three biol-
ogists, Correns, Von Schermak, and de Vries in Germany, Austria, and Holland,
respectively. I sat enthralled by the accomplishments of the noted geneticists that
passed across the stage in those 2 days. However, I listened most carefully to Al-
fred E. Mirsky, a biochemist from the Rockefeller Institute for Medical Research,
who told of his experiments with DNA and nucleohistones obtained from salmon
or trout sperm as Miescher had years before. Mirsky and Pollister, later my col-
league at Columbia University, had been able to isolate the material as a high
polymer, i.e., a relatively undegraded highly viscous material, by a high salt ex-
traction process. His topic was the role of nucleoproteins in inheritance. How-
ever, he mentioned Avery’s work only in passing and used the occasion to down-
play the significance of Avery’s contribution and to restate the prevailing view
among geneticists that the transforming material form Preumococcus probably
had a small contaminant of protein which was the real active component — the
mysterious gene. There was no other mention of nucleic acids in the lectures
which were later published as a book, 4 Half Century of Progress in Genetics. 1
was disappointed and had some of the same feelings as the fiery young lady who
had confronted me 4 years before in Oklahoma. This was not only a celebration
of 50 years of progress in what was becoming known as classical genetics; it
marked the passing of an era. They had learned an amazing amount, but had
failed to provide the answers to our most critical and fundamental questions in
genetics. By that time I was becoming knowledgeable about the chemistry of mac-
romolecules. I had finished my doctoral degree in biology with no credentials in
biochemistry or physical chemistry. However, I was trying to become what a col-
league of later years, Erwin Chargaff, was to define as a molecular biologist — a
biologist, physicist, or any other brand of scientist who soon flocked to the new
discipline and began to “practice biochemistry without a license”.

I had reviewed organic chemistry while in the South Pacific and when the war
was over and we were waiting to come home, I volunteered to teach the soldiers
and received the only commendation of my short military career from the Com-
mander of SOPAC for teaching physics in the University of the South Pacific —
a school without a campus, with few textbooks, and war surplus materials for lab-
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oratory supplies. During my first year as an assistant professor at the University
of Oklahoma, I finished a course in biochemistry which had not been required
as part of my doctoral training at the University of Virginia. The next year, after
I had moved to the University of Tennessee, I took a course in physical chemistry.
This required a review and an extension of my rudimentary calculus, for even
though as an undergraduate I had minored in math, I had somehow avoided a
course in calculus.

I was now realizing that I was witnessing the passing of an era. Mendelian ge-
netics and the cytology of E. B. Wilson, C.D. Darlington, A.J. Sharp, and John
Belling could not provide the answers to the questions of the nature of the gene.
In my cerebral wanderings I was already marching to the beat of a different drum-
mer, for I had heard a voice crying in the wilderness, one Franz Schrader of Co-
lumbia University, whom I had met at scientific meetings. He was a classical cy-
tologist and E. B. Wilson’s successor, but his message was that the future of cy-
tology and genetics would be in the chemist’s laboratory. I was enthusiastically
trying to follow his advice even if poorly equipped. I knew that Bernal and Ast-
bury had made X-ray diffraction pictures of DNA fibers and found spacings
about 3.5 A, presumably the stacked bases. Proteins likewise had linkages with
similar spacings, the peptide linkages. Were nucleoproteins copolymers of protein
and nucleic acid chains? I proposed a model of a chromosome about that time
(1950) in which I assumed that the chromatid was one long copolymer composed
of a chain of DNA and a polypeptide chain bonded together and then coiled and
supercoiled through seven levels to form the microscopically visible coils which
many cytologists had studied by that time. The abstract in which I proposed the
model is fortunately buried in some obscure issue of the abstracts for the annual
meeting of the Genetics Society of America, I think. Not even I know where to
find it and I trust no one will ever see it again.

I remember reading the paper by Linus Pauling in the Proceeding of The
National Academy of Sciences, USA, describing his model for the a-helix and the
pleated sheet structure for polypeptides. He based his model on the X-ray diffrac-
tion studies of crystalline peptide derivatives by Cory and Pauling and on intu-
ition. I was very excited about this model and hoped it would be useful in under-
standing chromosome structure. In spite of the activities in the biochemical lab-
oratories, as I indicated above, many who knew about the studies of Avery,
McCloud, and McCarty indicating that the gene was pure DNA, were still tem-
porizing and trying to ignore the evidence. I went uptown in Manhattan in the
spring of 1952 to take Erwin Chargaff’s course on nucleic acids. He was a great
analytical chemist, but he depreciated any attempts to extrapolate from the then
limited knowledge of the structure of DNA to the gene. He and his students had
shown that the base composition of DNA varied from species to species and be-
cause the ratio of four bases was not 1:1:1:1:, it could not be a simple repeating
polymer of four nucleotides as had been assumed for many years. They had also
identified a common characteristic of all DNA’s which others were beginning to
refer to as Chargaff’s rule. The bases T+ G were equal to C+ A in all of the
samples, or put in another way, 6-amino groups were equal to 6-keto groups.
These facts were to me only puzzling and without meaning. Later when it became
clear that in molar ratio A=T and C=G, the rule began to have an effect on
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model building, and Watson and Crick probably made use of it later in construct-
ing their models. I remember when Pauling’s triple-stranded model was pub-
lished. Leonard Ornstein, a bright and promising student in Authur Pollister’s lab
at Columbia University, reviewed the paper for one of our seminars late in 1952.
In the model Pauling had placed the phosphate groups inside and the bases out-
side along a triple-stranded helix. I did not fully understand the structure, but nei-
ther could I understand how it advanced our understanding of chromosomes or
of gene structure. A few months later the Watson-Crick model was published in
Nature, but I missed that paper. It was not until the Cold Spring Harbor Sym-
posium was held late in June of 1953 that I realized anything of importance had
happened. For reasons I no longer remember, I did not attend the Cold Spring
Harbor meetings that year, but my colleague, Francis Ryan, returned from the
Long Island meeting very excited and buoyed up by the happenings. Watson and
Crick had presented their model and Wilkins had presented X-ray diffraction ev-
idence supporting the model. It was soon the theme of a number of seminars and
other scientific meetings, but I heard the story first hand when Francis Crick came
to the US and gave a seminar a few months later at the Brooklyn Polytechnic In-
stitute. He explained and demonstrated the model very clearly and concisely in
the delightful manner for which he later became famous. He also explained the
implications for a replicative mechanism by a template base pairing. At last I ap-
preciated the implications and began to understand the enthusiasm that was per-
vading the embryonic molecular biologists of that time. Crick was truly surprised,
I think, by all the attention his work was getting. It was after all a kind of side
project that he had worked on at odd times with prodding by the enthusiastic
Watson. His principal work on X-ray diffraction of helical polymers had at-
tracted very little attention, even though he had spent much more time on those
pursuits than on the DNA problem. As you know, he soon turned his full atten-
tion to DNA and its possible coding properties, for at last with a model that ex-
plained how a template guided replication could occur, DNA was now being ac-
cepted as the physical basis of heredity — the material of which genes were com-
posed. Avery’s work had been repeated and extended to other genetic loci by
Hotchkiss, Harriet Taylor, and others at the Rockefeller Institute, where Avery
and his students had labored so long and patiently in relative obscurity for so
many years. Avery, unfortunately, did not live long enough to receive the Nobel
Prize to which his work surely would have entitled him had it been appreciated
sooner.

As with so many great discoveries, the scientific world was not ready for DNA
in 1943 or 1944, We were on the verge of a great revolution in biology, and we
wonder now why it took so long to see the Light. To illustrate the point more dra-
matically I go back to my early training and quote from the book of books that
taught Lincoln how to use the English language. My father was a farmer for most
of his adult life, as were his father and my great-grandfather on my mother’s side.
Both grandfathers were Baptist preachers in a time when such endeavors, in my
part of the country — the Texas frontier — was not a full-time occupation; they ex-
pected to make their living by other means. However, a cousin of my age and the
namesake of my grandfather, James Wesley Taylor, studied for the ministry and
spent his career as pastor at different times to several of the largest Baptist
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churches in the south. I mention these facts to temper any criticism I may receive
for sacrilegious use of holy writ. The Bible was a conspicuous book in our house
and sometimes our bedtime stories, read by my father, were directly from the
King James version of the Bible. By the time I was a mid-teenager I had carefully
read both the old and the new testament and had memorized parts of it. I might
mention that the two grandfathers were different kinds of Baptists. Great-grand-
father Aaron Cardwell, as well as my mother and father, belonged to the Old
School or Primitive Baptists who did not believe in having either Sunday schools
or missions. However, when Grandfather Cardwell visited us, he and Dad would
talk for hours about the Bible and its correct interpretation and the history of the
division of the Baptists. I would listen. To them, if mentioned at all, Darwin and
Scopes of Tennessee infamy were agents of the Devil. Yet they were amazingly
liberal in their views in most other respects and never insisted that their children
hold similar opinions. They were free thinkers. In college I joined the Missionary
Baptist Church and once considered studying for the ministry, but finally my min-
ister’s narrow-mindedness and critical views of most biology, and especially the
theory of evolution, alienated me and I finally stopped attending churches until
many years later. When we lived in New City we occasionally attended the ser-
vices at Riverside Church and when we moved to Weschester County in New
York, we attended the Friends’ Meeting in Scarsdale. When we moved to Talla-
hassee, we did not find the Friends, but joined the Unitarians. My most recent
activity in the world of religion was to serve as their President during the period
in which we acquired our first minister. I also designed and supervised the con-
struction of the present Unitarian church. I mention these facts to explain why
a bibical text came to my mind when considering the role of DNA in the nature
of things and the acceptance by geneticists of Avery’s findings.

I use the first 12 verses of the gospel according to St. John (I only substituted
DNA for “WORD” and O.T. Avery for John; otherwise the following is a direct
quote).

In the beginning was the DNA, and the DNA was with God, and the DNA

was God.

2. The same was in the beginning with God.

3. All things were made by him; and without him was not any thing made that

was made.

4. In him was life; and the life was the light of men.

5. And the light shineth in darkness; and the darkness comprehended it not.

6. There was a man sent from God whose name was O. T. Avery.

7. The same came for a witness, to bear witness of the DNA, that all men

through him might believe.

8. He was not the Light, but was sent to bear witness of that Light.

9. That was the true Light, which lighteth every man that cometh into the

world.

10. He was in the world, and the world was made by him, and the world knew

him not.

11. He came unto his own, and his own received him not.

12. But as many as received him, to them gave he power to become the sons

of God, even to them that believe on his name.



Gene Amplification in Dipteran Chromosomes

A. SPRADLING !

1 Introduction

The giant polytene chromosomes characteristic of many Dipteran cells allow
fundamental nuclear processes occurring during development to be directly visu-
alized. Polytene chromosomes afford a detailed picture of “large-scale” structures
within developmentally regulated interphase cells — features extending over more
than about 5-10 kb of chromosomal DNA. Structures, such as chromomeres,
constrictions, and puffs, must be disrupted for biochemical studies and cannot
currently be reconstituted. However, following Wolfgang Beermann’s recogni-
tion that polytene chromosome puffs were manifestations of developmentally
regulated gene expression, much progress has been made in understanding the
molecular basis of gene transcription. Genetic studies have identified small regu-
latory regions located near tissue-specific genes that mediate developmental con-
trol (see Rubin 1985). However, the functional significance of associated large-
scale structures, such as puffs, remains poorly understood.

Studies of chromosome replication have progressed more slowly from the cy-
tological to the molecular level. Polytene chromosomes provide one of the most
detailed pictures available of how eukaryotic genomes replicate (reviewed in Rud-
kin 1972). Yet the fundamental units of chromosome reduplication remain to be
defined in molecular terms, greatly limiting attempts to correlate the replication
of specific DNA sequences with that of specific chromosome regions.

Instances of differential replication provide particularly attractive opportuni-
ties for analyzing replication. Differential replication may greatly magnify the
small and temporary changes in the relative DNA concentration between differ-
ent genomic regions occurring during a normal S-phase. Furthermore, alterations
caused by disproportionate replication may persist for long periods of time. Study
of polytene chromosomes revealed several examples of differential replication in
Dipteran salivary gland cells. Heitz (1934) recognized that centromeric hetero-
chromatin was underrepresented in Drosophila salivary gland polytene chromo-
somes. Differential replication occurring within the euchromatin of Rhyn-
chosciara angelae was discovered by Breuer and Pavan (1955). In this review,
progress in utilizing differential replication to analyze the control of chromosome
replication will be surveyed. In particular, we discuss recent studies of Drosophila
chorion genes where it has been possible to begin to analyze the molecular con-
trols of DNA amplification within polyploid follicle cells.
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2 Differential Replication of Heterochromatin

Following the report of Heitz (1934), many additional examples of incomplete
heterochromatin replication have subsequently been described (see Rudkin 1972;
Spear 1977; Spradling and Rubin 1981). Highly repetitive satellite DNA se-
quences are included within the underreplicated regions (Gall et al. 1971; Dickson
et al. 1971). Underreplication of centromeric heterochromatin is not invariably
associated with a polyploid cell cycle. Examples are known where only partial
underreplication occurs during polyploidization (Mahowald et al. 1979; Ham-
mond and Laird 1985), or where underreplication is limited to only certain chro-
mosomes or heterochromatic elements. Furthermore, the extent of differential
replication may be tissue-specific (Endow and Gall 1975; Ribbert 1979; Redfern
1981).

The difficulties in isolating and working with genomic DNAs containing
highly repetitive sequences have limited progress in understanding the regulation
or the mechanism of differential heterochromatin replication. Methods for defin-
ing specific chromosomal replicons within heterochromatin used during normal
and differential replication would seem to be a prerequisite to further progress.
Currently, the ability to recover heterochromatic genomic regions intact from
genomic libraries is uncertain, and contiguous clones cannot usually be recog-
nized. This has prevented the mapping of specific heterochromatic regions larger
than about 10-20 kb. Furthermore, the absence of any known function for the
underreplicated sequences in the affected tissues has discouraged genetic analysis
of the problem.

Ribosomal genes replicate differentially in polytene salivary gland cells (Hen-
nig and Meer 1971; Spear and Gall 1973) and in the DNA of adult flies (Tartof
1971; Renkawitz and Kunz 1975). Here, both molecular and genetic analysis of
the problem have proceeded further. Differences in the nontranscribed spacer se-
quences separating tandemly repeated rDNA genes and in the structure of inser-
tions located in some 28S coding sequences allow rDNA genes to be separated
into subfamilies (reviewed in Beckingham 1982). During polytenization of the sal-
ivary gland, rDNA subfamilies containing functional noninserted genes replicate
selectively (Endow and Glover 1979; Endow 1980; Kunz et al. 1982; Bellikoff and
Beckingham 1985). The particular rDNA genes which replicate may vary between
individual polytene nurse cell nuclei (Belikoff and Beckingham 1985). Some genes
from within the rDNA clusters on both the X and Y chromosomes may replicate
during polytenization, however genes within a single nucleolus organizer are
often utilized selectively. Frequently, the relative proportions of different gene
subfamilies in salivary gland DNA resembles the distribution in one of the par-
ental nucleolus organizers. It is therefore likely that a sufficient number of genes
from within a cluster replicate during polyploidization to provide a representative
sample of subfamilies.

The absence of knowledge concerning the large-scale arrangement of different
rDNA genes within the nucleolus organizing regions has limited analysis of dif-
ferential rDNA polytenization. The replicon structure of rDNA is unknown dur-
ing normal or differential replication, although replicating rDNA molecules can
be recognized in the electron microscope (McKnight et al. 1978; Saffer and Miller
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1986). Two major classes of models need to be distinguished. The first postulates
that each rDNA repeat is an independent replicon. Differential replication would,
therefore, result from the selective activation of certain repeat types which might
enjoy an advantage in the competition for limiting replication factors. Alterna-
tively, rDNA replication might be controlled in larger units containing many
rDNA repeats. Differentially replicating repeat classes would derive from a con-
tinuous subregion of the nucleolus organizer which remained capable of replica-
tion during polytenization. The size of the rDNA clusters (4 x 103 kb) virtually
insures that they contain multiple replicons, because a single replicon can dupli-
cate at most about 10° kb in a 600 min S-phase at measured elongation rates,
which do not exceed 3 kb min~! (Blumenthal et al. 1973) and may be closer to
0.3 kb min~?! in polyploid cells (Steinemann 1981). It remains unknown whether
replication origins are present in some or all individual rDNA repeats or whether
differential replication is mediated by non-rDNA sequences interrupting the ar-
ray of tandemly repeated genes. The observation that individual polytene nuclei
may largely replicate rDNA repeats characteristic of one nucleolus organizer or
the other (Belikoff and Beckingham 1985) is difficult to reconcile with models
postulating independent competition for replication of each individual rDNA re-
peat. Recently, the development of methods for separating very large DNA mol-
ecules using pulsed-gradient electrophoresis (Schwartz and Cantor 1983) holds
promise that it may be possible to map large sections of nucleolus organizer re-
gions.

3 Differential Replication of Euchromatin

3.1 DNA Puffs in Sciarids

In 1955 Breuer and Pavan reported that three polytene chromosome regions
in the salivary gland of Rhyncosciara angelae underwent an unusual process of
puff formation (Fig.1). After the regression of several large puffs in prepupae,
polytene chromosome bands reappearing within the formerly puffed regions were
observed to stain much more intensely relative to neighboring bands than prior
to puffing. Pavan proposed that the increased staining reflected the local synthesis
of DNA; these sites were termed “DNA puffs” to distinguish them from the nor-
mal “RNA puffs” where additional staining is not observed. Detailed analysis of
puffing within the salivary gland, intestine, and Malpighian tube chromosomes
of Rhynchosciara larvae revealed a total of ten DNA puffs (Guevara and Basile
1973). All formed only in the salivary gland of 4th instar larvae. DNA puff for-
mation was subsequently observed in the salivary glands of several other Sciarid
species (Swift 1962; Gabrusewycz-Garcia 1964; Crouse and Keyl 1968).

The timing of DNA puff formation in Rhynchosciara suggested that they rep-
resented a process of specific gene amplification. At the end of the 4th larval in-
star, synchronously developing Rhynchosciara larvae weave a communal cocoon
composed of protein fibers secreted from the salivary glands. The DNA puffs cor-
respond to chromosome regions that are highly decondensed during at least part
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Fig.1. DNA puff formation in salivary gland chromosomes of Rhynchosciara angelae. Camera
lucida drawings by Mrs. M. E. Breuer of the first four regions at the distal ends of chromosomes
B and C during the 4th instar of Rhynchosciara angelae are shown. The numerals I-V refer to
puffing stages at increasingly later times of larval development. Although not indicated, each
chromosome is subdivided into numerical regions beginning at the tip. Each numerical region
is further divided into subdivisions denoted by lower case letters. (Pavan and Da Cunha 1969)

of the process of cocoon formation in late 4th instar larvae. The puffs then regress
during the prepupal stage. This sequence of events suggested that genes specifi-
cally required in the salivary gland during late larval development to encode sal-
ivary gland secretory proteins were amplified in the DNA puffs. Early cytophoto-
metric (Rudkin and Corlette 1957) and autoradiographic (Ficq and Pavan 1957)
studies verified that differential DNA synthesis occurs at the sites of DNA puffs.
Work by Lara’s group associated specific salivary gland polypeptides (Winter et
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al. 1980) and messenger RNAs (Bonaldo et al. 1979) with specific puff sites. The
isolation of specific cDNA and genomic clones from the sites of the C3 and C8
puffs allowed the direct demonstration that approximately 16-fold amplification
of the coding sequences at these sites occurred during DNA puff formation
(Glover et al. 1982; Millar et al. 1985).

3.2 Drosophila Chorion Gene Amplification

3.2.1 Mechanism of Amplification

Drosophila ovarian follicle cells (for review see Mahowald and Kambysellis
1980) cease division at about stage 5 of oogenesis and subsequently become poly-
ploid (Mahowald et al. 1979; Hammond and Laird 1985), but never display poly-
tene chromosomes. Beginning at stage 8 they sequentially produce a series of dif-
ferent products which are secreted in large amounts. These include three yolk pro-
teins during stages 8-9 (Brennan et al. 1982), at least five vitelline membrane pro-
teins during stages 9-10 (Petri et al. 1976, Fargnoli and Waring 1982), and at least

Fig. 2. Drosophila chorion gene amplification. DNA was prepared from adult males (Janes I and
2) and from egg chambers of stages 1-8 (lane 3), stage 10 (lane 4), stages 11-13 (lane 5), stage
13 (lane 6), and stage 14 (lane 7). After digestion with EcoRI and transfer to nitrocellulose, the
blot was hybridized with probes specific for a 7.7 kb fragment derived from the third chromo-
some chorion gene cluster, and a control probe not undergoing amplification that labeled bands
of 2.6 kb and 2.3 kb. The large increase in the relative intensity of the 7.7 kb and the 2.6 kb bands
in late-stage egg chamber DNA compared to stage 1-8 or male DNA is a reflection of chorion
gene amplification. (After Spradling and Mahowald 1980)
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15 chorion structural proteins during stages 1114 (Petri et al. 1976; Waring and
Mahowald 1979). Following the completion of the eggshell during stage 14, the
follicle cells degenerate.

Isolation of cDNA and genomic clones encoding four major chorion proteins
(s38, 536, s18, and s15) revealed that single copies of each gene were present in
the germ line genome, arranged in clusters on the X chromosome and on chromo-
some 3. However, quantitation of the chorion gene copy number in DNA from
the egg chambers of developing ovarian follicles (Fig. 2) demonstrated that genes
in both clusters undergo amplification beginning in stage 8-9 (Spradling and Ma-
howald 1980). The s36 and s38 genes within the X chromosome cluster amplify
about 16-fold, while s18 and s15 genes on chromosome 3 amplify 60-fold (Fig. 2).
In contrast, genes encoding other follicle cell secretory proteins, including the
yolk proteins and several vitelline membrane proteins, have not been observed to
amplify.

Many of the cytological features of DNA puff formation in Rhynchosciara
correspond closely to the characteristics of chorion gene amplification within the
polyploid follicle cells. DNA puffs all initiate amplification at about the same
time, corresponding to approximately day 62 of larval development. However,
the time of actual puffing varies. For example, puff B2 is first observed in period
11, while puff C3 opens in period III and puff B3 in period IV (Fig. 1). Likewise,
both chorion gene clusters begin amplification in stages 8-9, but genes within the
X cluster are transcribed during stages 11—13, while the chorion genes on chromo-
some 3 are not activated until stage 13 or 14. The staining of bands giving rise
to puff C3 increases rapidly compared to the changes in progenitor bands of puff
B3. This suggests that in Rhynchosciara the rate of DNA synthesis may not be
identical at each site. In Drosophila the third chromosome cluster initiates an
average of six rounds of replication during the time the X chromosome cluster
initiates only four rounds.

Because the chromosomal regions surrounding the chorion gene clusters con-
sist almost entirely of unique DNA sequences, it was possible to isolate them by
the process of chromosome walking (Spradling 1981). Amplification extends 40—
50 kb along the chromosome on either side of each gene cluster. However, the
magnitude of amplification decreased with distance along the chromosome from
the chorion genes (Fig.3 B, C). Despite the changes in copy number, no alter-
ations in restriction fragments between amplified and unamplified DNA within
the regions were found. These observations suggested that amplification occurred
by disproportionate chromosomal replication from a site near or within the
chorion genes themselves (Fig. 3 A). Termination of replication forks progressing
in opposite directions from the gene clusters would give rise to the observed am-
plification gradients. Direct visualization of chromatin from Drosophila egg
chambers allowed Osheim and Miller (1983) to identify transcriptionally active
chorion genes. Replication forks were frequently observed proceeding away from
active s36 and s38 gene pairs in stage 11 chromatin. Nested replication forks with
dimensions very close to those expected were detected only in chromatin from
postamplification egg chambers. These observations strongly support the dispro-
portionate replication model.
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Fig. 3A-C. Structure of chromosomal domains of chorion gene amplification. A The dispropor-
tionate replication model of chorion gene amplification. The approximate location of an ampli-
fication control element (4CE) is indicated. B The amplification of chromosomal DNA se-
quences surrounding the X chromosome chorion gene cluster is indicated. The zero point on the
ordinate is taken as the EcoRI site between s36 and s38 (see Fig.4). The inset shows the cytoge-
netic extent of the amplified region as determined by in situ hybridization with probes taken from
each end. C The amplification of chromosomal DNA sequences surrounding the chorion gene
cluster on chromosome 3 is shown. The zero point on the ordinate represents the Sal I site near
the s15 gene (see Fig.4). The inset shows the cytogenetic extent of the amplified region as deter-
mined by in situ hybridization using probes from each end. (After Spradling 1981)



206 A. Spradling

3.2.2 Chromosomal Units of Amplification

Do the 80-100 kb amplified domains correspond to specific polytene chromo-
some bands? To investigate this question, probes from each end of the X chromo-
some and third chromosome amplified regions were hybridized in situ to salivary
gland polytene chromosomes (Spradling 1981). Figure 3 shows that both domains
include more than one salivary gland polytene band. The X-linked replicon spans
bands from about the middle of region 7E to band 7F3-4, while bands between
66D11 and 66D15 are amplified within chromosome 3.

It is interesting to compare these results with the cytological picture in Rhyn-
chosciara DNA puffs. Although each DNA puff may be mapped to a single band
in its early stages, more than one band generally becomes involved. For example
(Fig. 1), puft B2 derives from bands in sections a—d, while puff B3 involves the
three bands in section c. Band d initially produces the C3 puff, but other adjacent
bands are eventually included. Thus, in both Drosophila and Rhynchosciara, am-
plification involves sequences within a small number of adjacent polytene bands.
These results are consistent with the concept that each amplified region represents
a single normal chromosomal replicon. Replicon lengths in D.virilis salivary
gland chromosomes varied between 15-600 kb (Steinemann 1981), a distribution
similar to the DNA content of individual D.melanogaster polytene bands (Rud-
kin 1972). However, the mean replicon size of 140 kb was equivalent to 3.4 aver-
age chromomeres (Steinemann 1981), similar to the 80-100 kb chorion gene repli-
cons.

If we assume that Rhynchosciara DNA puffs, like Drosophila chorion genes,
amplify by disproportionate replication, then recondensation of the amplification
gradient into normal polytene chromosome bands following puff regression
would be expected to produce a strongly amplified central band flanked by bands
showing smaller specific increases in staining intensity. However, chromomeric
structure does not appear to survive amplification; only a single, very dark band
appears at the site of each DNA puff. The appearance of these bands differs from
normal salivary gland chromomeres and has been described as heterochromatic.
The total amount of DNA replicated per strand during amplification of the two
Drosophila clusters can be calculated from Fig. 3 as about 1600 kb (chromosome
3) and 600 kb (X chromosome). Upon recondensation into a single band these
amounts of DNA would produce very dark bands such as those observed at the
site of DNA puffs.

3.2.3 Sequences Regulating Amplification

The disproportionate replication model suggests that amplification is control-
led by mechanisms which regulate the initiation of rounds of replication at spe-
cific sites near or within the chorion gene clusters (see Fig. 3 A). Such cis-regula-
tory sites have been termed “amplification control elements” (4CE). The exis-
tence of amplification control elements was demonstrated by the ability of specific
subregions from within the two gene clusters to undergo normal amplification
following chromosomal rearrangement (Spradling and Mahowald 1981) or P ele-
ment-mediated transformation (de Cicco and Spradling 1984).



Gene Amplification in Dipteran Chromosomes 207

Transposons bearing a 7.7 kb EcoRI fragment containing genes s18, s15, and
$19 from the third chromosome gene cluster underwent follicle cell-specific ampli-
fication following introduction at diverse chromosome locations (de Cicco and
Spradling 1984; Orr-Weaver T, Spradling AC, unpublished). Transposons con-
taining other DNA regions from the cluster never amplified. However, the level
of amplification induced by transposons containing the critical sequences (4CE3)
was affected by the chromosomal site of integration. It varied between 2- and 40-
fold, in contrast to normal 60-fold amplification. At some sites no amplification
was observed. Furthermore, as the size of the chorion DNA within the transpo-
sons was reduced, the frequency of position effects increased (Orr-Weaver T,
Spradling AC, unpublished; Kafatos et al. 1985). Similar results were obtained
using transformants containing sequences derived from the X chromosome
cluster to map an amplification control element (4CEI) (see Kalfayan et al.
1985).

The problem of position effects limited our ability to define elements sufficient
for amplification to regions of about 3—4 kb within each cluster. However, se-
quences necessary for amplification were mapped in greater detail by constructing
a series of small deletions throughout the sufficient region, and testing the remain-
ing sequences for their ability to induce amplification (Orr-Weaver T, Spradling
AC, unpublished; Kalfayan et al. 1985). In the case of both gene clusters, only
a very small region appeared to be necessary for amplification. These regions are
shown in Fig. 4. Both essential regions are located upstream from the initiation
site of a major chorion gene. 4CE] is located between 9 and 488 nucleotides up-
stream from the s38 gene, while ACE3 resides between 310 and 630 nucleotides
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Fig.4. Localization of sequences essential for chorion gene amplification. Restriction maps of

the X chromosome and chromosome 3 chorion gene clusters are shown. Regions of each cluster

shown to be essential for amplification in transformation experiments are indicated by a hox. The

approximate location and orientation of a conserved A/T-rich sequence described in the text is
indicated by small triangles within the essential regions
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upstream from the s18 start site. The 4CE3 region represents the only essential
segment for amplification in the third chromosome cluster, however, a small por-
tion of the X cluster within the 3’ portion of the s38 gene has yet to be tested. Se-
quence comparison between the two elements revealed only one small segment of
significant homology. It lies either 464 or 492 base pairs upstream from the ini-
tiation sites, and includes the consensus sequence TT(T/C)TATTGTA(T/A)T. In
both regions the conserved sequence lies within or near short tandemly repeated
sequences. In ACE]I, a variant of the consensus sequence differing by only one
nucleotide is itself repeated, since it occurs within an eightfold repeat of the pen-
tanucleotide sequence AATAC located just upstream of the consensus. The loca-
tion of these elements are indicated by triangles in Fig. 4.

3.2.4 Model of Amplification Control

Many previous observations in a wide variety of systems have suggested inter-
actions between the regulation of transcription and DNA replication. Primer
RNA transcription is required for replication initiation at the ColE1 origin (Ito
and Tomizawa 1980) and bacteriophage lambda replication requires “transcrip-
tional activation” (Furth et al. 1982). A role for chorion RNA transcription in
the induction of amplification was suggested by the observation of transient s15
RNA production during stage 9 (Thireos et al. 1980) and by the presence of s18
and s15 within the 3.8 kb Sal I fragment which induced developmentally regu-
lated amplification and transcription (Wakimoto et al. 1986). However, the dele-
tion experiments described above ruled out a role for either s18 or s15 transcrip-
tion in chromosome 3 amplification. Deleted transposons lacking any detectable
transcription from these genes were capable of inducing normal amplification.
Likewise, elimination of s38 transcription by promoter deletion did not eliminate
amplification under the control of ACE] sequences (Spradling AC et al., unpub-
lished).

These results and the mapping of cis-regulatory sequences described above
suggested a new model for the regulation of chorion gene amplification (Orr-
Weaver T, Spradling AC, unpublished). In the case of both amplified domains,
sequences essential for amplification coincided with sequences required for the
transcription of a nearby major chorion gene. Thus, on chromosome 3, the dele-
tion of the essential sequences upstream of s18 eliminated s18 transcription as well
as amplification. Sequences within the ACE]! element were required for s38 tran-
scription (Kalfayan et al. 1985) as well as for amplification. These results sug-
gested that a common element might regulate the developmental specificity of
both chorion gene amplification and the transcription of the linked chorion
gene.

One simple version of this model is diagramed in Fig. 5. Each amplification
control element is postulated to contain an origin of DNA replication used during
amplification (ori) as well as an “enhancer-like” transcriptional control element
(enh). The transcriptional control element would act both to activate the origin
and to stimulate transcription from the associated chorion gene promoter. Am-
plification begins earlier than the onset of s18 or s38 transcription. According to
the model, activation of the enhancer, due to a change in a trans-acting factor in
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EV Nen

ori  enh
ACE

Fig. 5. Model for the control of chorion gene amplification, depicting the proposed structure of

the essential sequences mapped in Fig.4. Each essential region contains an origin of DNA rep-

lication (ori) and a transcriptional control element (enh). The transcriptional control element is

proposed to interact with the linked chorion gene promoter to regulate chorion mRNA tran-

scription and also to regulate the initiation of rounds of replication at the origin during ampli-
fication

stage 8-9, would be sufficient to activate amplification. Specific chorion gene in-
duction would require additional specific factors associated with the specific tem-
poral programs of s18 and s38 synthesis during stages 11-14.

The proposed model is similar to mechanisms which may regulate the replica-
tion of several eukaryotic viruses, including polyoma (de Villiers et al. 1984),
bovine papilloma virus (Lusky and Botchan 1986), and Epstein-Barr virus (Reis-
man et al. 1985). In these cases a transcriptional regulatory sequence located near
the origin has also been implicated in the control of viral DNA replication.

The structure and location of the control regions is consistent with our model.
The A/T-rich consensus sequence conserved between the two clusters is similar
to the core sequence of yeast ARS elements that have been implicated as replica-
tion origins (Broach et al. 1983). This conserved sequence may form part of the
origin sequences used during amplification. Several Drosophila genes have been
shown previously to contain enhancer-like transcriptional regulatory elements in
their 5" upstream regions (see Rubin 1985). This model predicts that the tissue
specificity of amplification could be altered by inserting other tissue-specific en-
hancers near the control elements.

4 Conclusion

Chromosome replication is usually envisioned as a passive part of develop-
ment. In most cells, the entire genome replicates during the S-phase; the develop-
mental significance of any given region is believed to depend on the transcrip-
tional activity or inactivity of its component genes. Only in rare instances of dif-
ferential replication, such as those described here in Dipteran cells, does replica-
tion regulate gene expression. Even in these cases the effect is thought to be purely
quantitative — by increasing gene dosage when products must be produced at ex-
tremely high rates.

This conventional view of a generally passive role played by chromosome rep-
lication may prove to be oversimplified. Genomic replication is an ordered and
tissue-specific process (reviewed in Hand 1978). Genes active in a given tissue are
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generally early replicating, while inactive genes may replicate at any time during
S-phase and frequently do so late (Goldman et al. 1984). Following chromosome
rearrangement, the time of replication and the activity of a transcriptional unit
may be altered in parallel (Calza et al. 1984). Replication has been proposed to
turn on gene expression in Physarum (Pierron et al. 1982) and to specifically turn
off Neurospora and yeast histone gene transcription.

The model proposed here for the regulation of chorion gene amplification and
previously for the regulation of polyoma virus provides an interesting perspective
on these observations. The association between transcriptional control elements
and replication origins postulated for the chorion gene control regions may occur
frequently. In this view, the early replication of genes in tissues in which they are
expressed would result from the fact that the associated transcriptional control
element is active and simultaneously stimulates a linked replication origin inac-
tive in other tissues.

It will be interesting to determine if these ideas are useful in understanding
other examples of differential replication in polytene cells. However, progress in
answering these questions can only come when additional replicons are defined
at the molecular level and their cis-regulatory sequences analyzed.
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The Significance of Plant Transposable Elements
in Biological Processes

ZS. SCHWARZ-SOMMER *

1 Introduction

Development and differentiation of living organisms as individuals and evo-
lution of populations leading to new species have been and still are two major
problems fascinating scientists.

The process of the organized development of an individual is puzzling because
it requires a program which is inherent in the living system itself. At the DNA
level at which this program is realized a mechanism may exist that dictates at what
time and to what extent genes are expressed or shut off. Flexibility at this level
is only required for the ability to respond to specific signals in a concerted way.

The process of evolution requires flexibility of individual genomes and has no
program. Inherent to all living systems, however, are mechanisms to realize flexi-
bility which at the DNA level means to generate diversity. This diversity then can
serve as a playground for subsequent selection.

The complexity of the processes necessary for development of an organism as
well as for its evolution prohibits asking in either cases for a single principle ex-
plaining all phenomena. It is the purpose of this paper to point out one possible
tool of nature, namely transposable elements, contributing to diversification of
genomes and genes as a consequence of evolution as well as their potential as
pacemakers during development. The long history of their genetics and the re-
cent, rapid accumulation of molecular data on plant transposable elements is the
main reason for concentrating on plants in this report.

2 A Brief Introduction into the Structure and Function
of Plant Transposable Elements

Many recent reviews deal with the versatility, structure and function of plant
transposable elements (Fedoroff 1983; Nevers et al. 1986; Doring and Starlinger
1986). Here, I only wish to summarize those characteristics which make the
understanding of the following parts easier.

1. The presence of a transposable element within a gene is manifested by mu-
tational instability (Fig. 1). Phenotypically this is revealed by somatic variegation.
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Wx wx™-8 wx™8 L En

Fig. 1. Somatic instability at the waxy (Wx) locus resulting in a variegated phenotype in the en-

dosperm of the wx™~® mutant of Zea mays. Wild-type Wx endosperm (lef?) stains dark with io-

dine, whereas insertion of a 2.2-kb-long receptor element termed inhibitor or I in the mutant

wx™ 8 (McClintock 1962; Schwarz-Sommer et al. 1984) decreases gene expression and abolishes

staining (middle). Due to somatic excision events triggered by the presence of the autonomous

Enhancer (En, see Peterson 1953, 1965) element stained sectors appear in the wx™~ & endosperm.
(Schwarz-Sommer et al. 1984)

Integration of an element alters or abolishes the expression of the gene involved
in the manifestation of a given phenotype. However, somatically the locus can be
restored if the element excises. Since this may not occur in every cell of a develop-
ing tissue, a mosaic phenotype will result.

2. The process of excision may be governed by the element residing at the
mutable locus (autonomous or regulatory element). Receptor or nonautonomous
elements are transposition-deficient: they can only excise if an autonomous ele-
ment belonging to the same family of elements is also present in the genome, thus
providing receptor elements with functions necessary for the excision event. In
molecular terms receptor elements are deletion derivatives of structurally related
autonomous elements (Fedoroff et al. 1983; Pereira et al. 1985).

3. The majority of plant transposable elements possess terminal inverted re-
peats the size and the composition of which are specific for every element system.
Exceptions to this rule exist in which either long, direct repeats at the termini are
present or no prevalent structure can be detected (Fig. 2). We recently discovered
by chance a retroposon-like structure in maize because it was integrated into an
expressed gene. By these structural criteria every type of plant transposable ele-
ment finds parallels in other organisms including bacteria, yeast, flies and mam-
mals.

4. Upon integration of an element a specific number of base pairs at the target
site of the insertion becomes duplicated (Fig.2). This property of transposable
elements is also universal.

5. Excision of an element from a gene may or may not restore the wild-type
gene activity, and in the majority of cases it is accompanied by more or less com-
plex rearrangements at the insertion site (for review, see Saedler and Nevers
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ELEMENT TERMINI STRUCTURE DUPLICATION REFERENCE

Ac-Ds IR(11) «] 8 Fedoroff et al., 1983

Tam3 IR(12) 8 Sommer et al., 1985

En(Spm)-I IR(13) 3 Schwarz-Sommer et al., 1984
- .—«] Pereira et al., 1985

Taml IR(13) 3 Bonas et al., 1984

Mul IR(215) 9 Barker et al., 1984

cing ney T 4N .

Blumberg, 1985

Bsl DR(304) 6 Johns et al., 1985
cin2 DR(142-146) |IZ:I 3 Blumberg, 1985
cinl IR(6) , 5 Shepherd et al., 1984
P
Tz86 no | | 10 Dellaporta et al., 1984
cinf no [ polyA | 7(6) Schwarz-Sommer et al. 1986*

Fig.2. Compilation of structures identified in plant insertion elements. The general architecture

of each type of element is presented. For a more detailed compilation, see Doring and Starlinger

(1986). * Indicates that the sequence of cin4 is not yet published. Small arrows indicate short in-

verted sequence duplications. Thick arrows represent long regions at the termini of an element

which may be in direct or inverted orientation. The homology of cin1 with a single copy of long

terminal repeats of other eukaryotic elements is indicated by a single arrow containing small in-
verted repeats

1985). Imprecise excision of elements restoring wild-type gene activity, but not the
wild-type gene structure, has only been found in plants.

3 How Transposable Elements May be Involved in Development

The term-controlling element as emphasized by McClintock (1956a, b, 1967)
was supposed to indicate the ability of a piece of (transposable) genetic informa-
tion, foreign to the locus, to alter expression of unrelated genes. In the following
section I want to illustrate how this can be utilized for developmental control.
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a-ml snoa-1) a-m2a12)

+En

Fig. 3. Extreme effects of transposable elements on gene expression. The allelic mutants a-m/
57194-1 (McClintock 1965 and Schwarz-Sommer et al. 1985b) and a-m2 4412 (Reddy and Peter-
son 1985) were chosen to demonstrate two different, controlling-element-induced phenotypes.
Both alleles are independent mutations caused by the insertion of an inhibitor element at the 4/
locus of Zea mays. In the absence of an autonomous element (En or Spm) the aleurone of kernels
carrying the 57194-1 allele is colored (top left), whereas the aleurone of those kernels carrying
the 4412 allele (top right) is colorless. The presence of an autonomous element suppresses color
in the 57194-1 allele (bottom left; the dark spots arise by excision events restoring wild-type gene
activity). In contrast, the autonomous element induces A1 gene activity in the 4412 allele (bottom
right). Molecular analysis of these alleles is described by Schwarz-Sommer et al. 1985b and
1987

Alteration of gene expression by insertion mutations may depend on the site
of insertion within a gene and on the structure of the inserted element itself. As
illustrated in Fig.3 in the absence of transpositional activity insertions may de-
crease gene expression (in this case aleurone color) or may hardly affect it. Mo-
lecular analysis of such mutants revealed differences in the structure of the cor-
responding elements indicating the role of element-specific sequences on the tran-
scription of the affected genes (Gierl et al. 1985; Schiefelbein et al. 1985; Schwarz-
Sommer et al. 1985b; Tacke et al. 1986). Introduction of active elements into the
same plants carrying the mutant alleles described above, again, either can sup-
press residual gene activity or can increase gene expression. In addition, somatic
excision events can restore gene activity (colored spots) in a somatic cell lineage.
Depending on the time scale of activity such restoration may occur early in devel-
opment (large spots) or late (small spots) and can be more or less frequent. The
common source of such varying effects is the autonomous element residing in the
genome and dictating, by its own activity, when and where excisions may occur.
If the autonomous element is expressed in a tissue-specific manner, its control
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over its receptor becomes tissue-specific as well (McClintock 1965; Peterson 1966;
Fowler and Peterson 1978). Furthermore, since elements (receptors or autono-
mous ones) can change chromosomal locations, stocks can be generated in which
several, otherwise independent, genes can become controlled simultaneously.
Thus, transposable elements possess the potential to regulate developmental pro-
cesses because they may exist as a module (the receptor element) affecting more
than one gene which can be controlled in a concerted way by a common “pace-
maker”” (the autonomous element). The fact that the plant transposable elements
studied so far do not seem to be involved in the control of developmentally rel-
evant genes may solely indicate that the elements of importance have not yet been
mobilized to give rise to phenotypically detectable mutations. One also can sus-
pect that mobilization of such elements is deleterious to the organism; thus, they
cannot become available by classical methods for genetic and molecular analy-
sis.

4 Transposable Elements are Mobilized by Genomic Stress

All transposable elements detected in plants so far are natural components of
the genome and they can become activated by genomic stress (for reviews, see
Fedoroff 1983; Dellaporta and Chomet 1985; Nevers et al. 1986). The nature of
the genomic stress seems to play a secondary role for this activation process and
the effects may reflect a general response of the organism to “shock” or “danger”
(McClintock 1984). Thus, transposable elements in maize became active in mate-
rial exposed to chromosome breakage, X-ray exposure, by virus infection or by
crosses between unrelated lines (for review, see Nevers et al. 1986). As outlined
by McClintock (1978, 1984) most of the consequences of genomic shock or stress,
like large-scale reorganization of the genome, but also more subtile differences,
can easily be governed by transposable elements. Once activated mobile elements
transpose and thus can occupy different chromosomal positions. In a freely
breeding population this event generates the substrate for the inversion and dele-
tion of large and small chromosome segments. All these rearrangements observed
to be caused by genetically identified transposable elements (for reviews see Del-
laporta and Chomet 1985; Nevers and Saedler 1977) can serve as a source of di-
versity for subsequent selection during evolution. The observation that structural
properties of various middle repetitive and highly repetitive DNA segments of the
plant genome resemble that of transposable elements (Flavell et al. 1981; Shep-
herd et al. 1984; Gupta et al. 1983, 1984) provides some support for the idea that
transposition is one of the mechanisms spreading DNA to dispersed chromo-
somal locations.
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5 Plant Transposable Elements as Generators
of Sequence Diversity for Molecular Evolution

Excision of transposable elements from a locus, if it occurred in germinal cells,
leads to a stable (nonmutable) progeny. Such an excision event is often seen as
a phenotypic reversion, however, not always to the wild-type phenotype. In ad-
dition, biochemical analysis of proteins in wild-type revertants revealed a sur-
prise: the product of genes affected by the mutation in the presence of an element
was altered in the revertant progeny (Dooner and Nelson 1979; Echt and
Schwartz 1981; Tuschall and Hannah 1982). Excision of the element therefore did
not restore wild-type functions, but rather generated mutations. DNA sequence
analysis of revertant genes shed light on the origin of these mutations, i.e. the re-
sult of imprecise excision of plant transposable elements (Sachs et al. 1983; Bonas
et al. 1984; Pohlman et al. 1984; Weck et al. 1984; Schwarz-Sommer et al. 1985 a;
Sommer et al. 1985; Chen et al. 1986). This type of mutation termed footprints
of elements (Schwarz-Sommer et al. 1985a), ranges from small rearrangements,
such as inversions, duplications and small deletions affecting few nucleotides
around the insertion site of the element, to more complex events resulting in large
deletions (Sommer et al. 1985). All events analyzed so far can be explained by a
molecular model proposed for excision of plant transposable elements (Saedler
and Nevers 1985).

Insertion of elements can affect virtually every region of a transcription unit.
Thus, the footprints generated after excision of the elements may have manifold
consequences, affecting promoters as well as the primary structure of proteins. In
contrast to classical point mutations (which also can be the result of excisions),
more severe alterations can occur in one step after visitation of a gene by an ele-
ment leading even to change in the size of the gene product.

In the search for evidence of such transposon-induced alterations during evo-
lution it seemed promising to compare different alleles of a gene for the presence

LC ATATGGAAAGC CGACCT'GGCGGAGG AAGGCAGCTTCCACGA- -AAGACCCTGAGGTAGATCAGT CT.. <. T  GGCTGCACAA
a-ml ATATGGAAAGC CGACCT GGCGGAGG AAGGCAGCTTCCACGA- -AAGACCCTGAGbTAGATCAGT CTCTAG CTCT GGCTGCACAA
a-m(papu) ATATGGAAAGC CGA... ...... GG AAGGCAGCTTCCACGA- -AAGACCCTGAGITAGATCAGT  CT.. T GGCTGCACAA
PROGENITOR? CGAGG CTCT

Fig.4. Footprints of putative transposable elements within the 41 gene of Zea mays. The DNA
sequence of three alleles (each indicated at the left) of the wild-type 41 gene have been determined
(Schwarz-Sommer et al., manuscript in prep). The exon within the presented portion of the tran-
scription unit is boxed in. Only that region of the exon is shown by sequence data which is rel-
evant for the presentation of allelic differences. The putative progenitor sequence at the bottom
indicates that the insertion of a putative transposable element might have occurred at this site
generating the duplication of this small region. Upon excision the altered sequences (shadowed
boxes) may be generated in the different alleles. Nucleotides unaffected by the excision event are
indicated by heavy letters. The mechanism by which such alterations may be generated is de-
scribed in detail by Saedler and Nevers (1985)
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of imprecise duplications present in one allele, but absent in the other. These then
could be interpreted as an indication of visitation of the gene by a transposable
element. As one of several examples a section of the A7 gene of Zea mays is
depicted in Fig. 4. This example shows that such footprints are not restricted to
intron sequences (although their frequency there is much higher than in exons,
see Schwarz-Sommer et al. 1985a; Werr et al. 1985; Zack et al. 1986). The putative
excision event documented in this case leads to deletion (or insertion) of three
amino acids within an expressed gene present in both variants in wild-type pop-
ulations. The frequency in which this type of allelic alteration can be detected is
limited because size differences in a functional protein may not be tolerated at ev-
ery site.

Insertions and excisions of plant transposable elements are frequent events.
Visitation by elements thus may lead to a rapid diversification of genes which in
a population may become important for subsequent selection. Induction of mo-
bility of transposable elements as a consequence of genomic stress could thus al-
low not only large-scale chromosomal rearrangements, but also could be part of
the mechanisms involved in molecular evolution.

6 Conclusions

The present report attempts to discuss the role that plant transposable ele-
ments may play in developmental and evolutionary processes. The ability to
transpose and to influence gene expression in a concerted manner suggests that
such genetic entities can become significant in the developmental control of indi-
viduals. Transposition, furthermore, is one of the mechanisms required in large-
scale chromosome rearrangements which are essential for the flexibility of ge-
nomes. More subtile rearrangements within expressed genes generated by exci-
sions of transposable elements can become the source of molecular evolution of
proteins by producing mutations which affect more than one amino acid. Since
transposable elements are natural components of genomes and since they can be
mobilized by genomic stress, they may be part of the mechanisms which generate
sequence divergency essential for subsequent selection and adaptation of living
systems to changing environmental conditions.
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Arrangement of Chromosomes
in Interphase Cell Nuclei

H. SAUMWEBER !

1 Introduction

Understanding of the architecture of the eukaryotic cell nucleus is an absolute
requirement to explain the precisely coordinated processes of gene expression, ge-
nome replication and nuclear division.

Understanding of this architecture has been propagated at a different pace at
different levels of organization. Much has been learned at the level of greatest res-
olution, however, surprisingly little is known about higher order organization.
The nucleosome fiber has been generally accepted as the basic structural motif
(Klug et al. 1980), however, different views already exist on its next level of coiling
(Finch and Klug 1976; Jorcano et al. 1980). The looped domain organization has
been outlined by several investigators (Benyajati and Worcel 1976; Cook and
Brazell 1977; Hancock and Hughes 1982) and lacking information on organiza-
tional motifs in between both radial loop and sequential coiling models have been
suggested for the highest level of chromatin organization in mitotic chromosomes
(Marsden and Laemmli 1979; Sedat and Manuelidis 1977; Bak et al. 1977). The
arrangement of a chromosome in an interphase nucleus and its interaction with
other chromosomes is even less well understood.

It is this last aspect of chromosomal arrangement during interphase I would
like to address in the present talk. At the beginning I will briefly summarize what
has been concluded for interphase chromosomes from studies of mitotic and
meiotic cells in different systems. Most of this topic has been covered by excellent
reviews of Commings (1980) and Avivi and Feldman (1980). In a second part I
will discuss what we have learned by the study of polytene cell nuclei.

2 Polar Chromosome Organization

The first reports on chromosomal order date back to 1885 when Rabl, study-
ing prophase plant nuclei, suggested a model which predicts that chromosomes
maintain an anaphase-like configuration and remain in distinct domains
throughout the cell cycle (Rabl 1885). In his report the centromeres are grouped
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together next to the centrioles with the chromosome arms arranged in parallel and
attached at the opposite side of the nucleus. Later, Boveri (1888, 1909) provided
evidence for this model and more recently, the so-called Rabl orientation has been
described in a variety of plant and animal cell nuclei (Comings 1980).

Centromeric and telomeric elements have been considered as responsible for
this kind of organization and also as indicative for its persistence in interphase
(Fussell 1975). Consequently, their arrangement in interphase nuclei has been
tested using a variety of techniques. By autoradiography of late labelling centro-
meric and telomeric regions Fussell (1975) demonstrated a Rabl-like organization
in onion root tips and observations made by Ellison and Howard (1981) using a
fluorescent DNA-binding dye on Drosophila blastoderm embryos suggested a
similar organization, which in addition showed orientation with respect to the
axes of the embryo. However, Hsu et al. (1971) using a staining technique specific
to constitutive heterochromatin suggested a cell type-specific pattern for the ar-
rangement of centromeres in mouse cells. A scattered centromere arrangement
was also demonstrated by Moroi et al. (1981) in mammalian cell lines using an-
tibodies specific to centromeres.

It has been discussed whether this Rabl orientation is a passive relic of previ-
ous mitoses or whether it has some functional meaning. One of the suggestions
was that it may be a prerequisite to orderly meiotic pairing. The so-called bouquet
formation in meiotic prophase represents a similar arrangement (Hughes-
Schrader 1943; Moens 1969; see Fig. 1a, b) and Hughes-Schrader has shown that
it is brought about by active movement of the chromosomes (Hughes-Schrader
1943). She also argued that this process might be independent of a passive telo-
phasic orientation.

Fig.1a,b. Bouquet formation at meiosis. a Observed in mantids by Hughes-Schrader using light

microscopy (/ nonpolarized early pachytene; 2 second polarization in mid-pachytene; 3 later

stage in second polarization; 4 detail of same after different staining.) b After reconstruction from

EM photographs of serially sectioned spermatocyte nuclei of locusts by Moens. All autosomal

bivalents form a complete loop. Note the attachment of the chromosome ends to a confined re-
gion on the nuclear envelope. (a Hughes-Schrader 1943 and b Moens 1969)
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Another consequence of the Rabl model is that the chromosomes occupy dis-
tinct nuclear domains throughout the cell cycle. Boveri demonstrated 1888 that
this was true in the case of Ascaris egg nuclei (Boveri 1888) and more recently this
has also been observed in other species. Curiously, in some species chromosomes
are packed in discrete vesicles during certain stages of the cell cycle (see Ito et al.
1981 and references therein). Chromosomes have been visualized as discrete en-
tities during the cell cycle by Stack and colleagues (1977) using specific staining
methods and after reconstruction from serial sections of amphibian interphase
nuclei by Murray and Davies (1979). However, due to limitations of preservative
and analytical methods, any further conclusions on higher order structure are
precluded in both cases. By UV laser irradiation of distinct nuclear areas with the
subsequent recording of unscheduled DNA synthesis or by localization of the dis-
tribution of irradiated chromatin with specific antibodies, Cremer and co-
workers could also demonstrate a territorial organization of interphase chromo-
somes (Zorn et al. 1979; Hens et al. 1983).

In conclusion, there is substantial evidence for a Rabl orientation of inter-
phase chromosomes in a variety of species and cell types. However, how gener-
alizable it is, and whether it is a passive relic of mitosis (stable and undisrupted
by preparation methods in some cell types) or whether it has a functional meaning
(at least in some cell lineages) remains open. In addition, this section illustrates
the incompleteness and uncertainty in our knowledge concerning interphase
chromosome structure which, at present, is mainly due to the lack of suitable
methods for detailed observation and analyses without disruption of the existing
organization.

3 Chromosomal Interaction

Evidence for a nonrandom placement of interphase chromosomes in cell nu-
clei has been suggested from the observation of their nonrandom arrangement on
the metaphase plate and from a nonrandomness of exchanges following treat-
ment with chromosome-breaking agents. In principle, three types of interaction
can be taken into consideration:

1. Interaction between nonhomologous chromosomes within a haploid set;
2. Interaction between homologues within a set; and
3. Interaction between different sets of chromosomes as in interspecies hybrids.

1. Nonrandom interaction between nonhomologous chromosomes was first
reported by Hughes-Schrader (1946) and subsequently reported in many plant
cells (for a review see Avivi and Feldman 1980). Ashley (1979) analyzed haploid
generative nuclei and prophase nuclei from root tips of Ornithogalum virens. She
concluded that the same organization persisted in both cell types, resulting in the
diploid case in a ring of chromosomes where the homologues were opposite one
another (see Fig.2). Costello (1970) reported an identical order of the chromo-
some set in both gametes of Polychoerus carmelensis in a sectioned egg at first
cleavage metaphase.
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Fig. 2. Conserved chromosome arrangement in the diploid nucleus of Ornithogalum virens as pro-

posed by Ashley. A The arrangement of the three nonhomologous chromosomes in a generative

pollen nucleus. B Proposed arrangement at time of fertilization. C The diploid nucleus showing

B folded up. Circles represent centromeres; short bars the location of C-bands; the end to end

connections are shown by dashed lines. Note the Rabl orientation. The model has been deduced

from conserved telomeric contacts in haploid generative nuclei and from diploid root tip nuclei
during prophase. (Ashley 1979)

Additional evidence for a specific spatial relationship within one chromo-
somal set resulted from studies of the distribution of chromosomal exchanges.
Studies in plants (Sax 1940; Evans and Bigger 1961; Kumar and Natarajan 1966)
indicated a nonrandom arrangement and Werry et al. (1977) correlated a specific
pattern inferred from the frequency of induced interchanges following irradiation
with a nonrandom position observed at metaphase.

An ordered arrangement of nonhomologues was noted by Avivi et al. (1982 a)
measuring mean distances of metaphase chromosomes in squashed root tip cells
of common wheat. Similarly, Heslop-Harrison and Bennett (1983) suggested a
highly nonrandom arrangement of chromosomes after evaluating the distances
between centromeres as determined from models of serial sectioned root tip cells
from Aegilops umbellulata. Bennett (1983) suggested a model in which chromo-
somal arrangement should be predictable. According to this model, chromo-
somes in a haploid genome are uniquely ordered according to corresponding arm
length. However, although Coates and Smith (1984) found evidence for a nonran-
dom association of chromosomes in the grasshopper, there was no evidence for
an order predicted by the Bennett model.

2. Somatic association of homologues during the mitotic cycle has been
clearly demonstrated in Diptera by Metz (1916) and was also reported by classical
plant cytologists early this century (see Avivi and Feldman 1980). It has been sug-
gested that homologue pairing, which is required during meiosis, is maintained
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throughout the life cycle of an organism. In plants this tendency of pairing was
corroborated by more recent investigations of squashed mitotic cells (cf. Avivi et
al. 1982 a) and it can be concluded from analyses of radiation- or chemically-in-
duced interchanges that this arrangement persists during interphase (Evans and
Bigger 1961; Kumar and Natarajan 1966; Werry et al. 1977). Conflicting results
reported by Bennett (1983) can be reconciled with the common idea if one as-
sumes that this association is expressed spatially along the chromosome and not
necessarily confined to the centromere region used in Bennett’s measurements.

However, there appear to be conflicting results with respect to the occurrence
of somatic pairing in mammals. Most of the data have been obtained by analyzing
squashed metaphase chromosomes and it may be that the chromosomal arrange-
ment is fragile to this treatment. This may be particularly true during metaphase
when pairing is potentially disrupted by the spindle as has been demonstrated by
Becker (1969) in Drosophila heterozygotes for the normal X and the sc® inversion.
In addition, statistical treatment of the data may be inadequate (Coll et al. 1980;
Lacadena and Ferrer 1978). Although more indirectly, the data of Zorn et al.
(1979) on Chinese hamster ovary cells suggest that somatic pairing may not be
very tight. After UV laser irradiation of interphase cells the authors found no sig-
nificantly higher damage in homologous compared to heterologous chromo-
somes in the following metaphase.

3. Avivi et al. (1982b) in analyzing mean distances of chromosomes in com-
mon wheat found significantly greater distances between chromosomes of differ-
ent genomes than between nonhomologues of the same genome. Bennett (1983)
suggested a similar genome separation in barley and concluded: “. .. whatever its
basis, it follows that the simple haploid genome is a basic structural unit in nu-
clear architecture. But what of ordered arrangements within this unit?”

In conclusion, the data suggest a significant degree of chromosomal interrela-
tionship. It remains to be established whether there is a strict order between the
heterologous chromosomes or whether this arrangement is more relaxed and
loosely determined as discussed by Comings (1980). Homologue pairing as a pre-
requisite to orderly meiotic pairing might be maintained in a more or less tight
fashion throughout the life cycle of an organism and association of haploid ge-
nomes may be taken as an indication of an existing general nuclear architecture.

4 A Direct Approach to Interphase Chromosome Arrangement:
The Polytene Cell

For a direct approach to the problem of chromosome arrangement in inter-
phase, the nuclei of intact polytene cells of Diptera would appear to provide a
convenient model system. Data obtained by studying the phenomenon of ectopic
pairing (Kauffmann and Iddless 1963) and the observation of nonrandom telo-
mere contacts (Hinton and Atwood 1941; Berendes and Meyer 1968; Kauffmann
and Gay 1969) already suggested a certain degree of order. In 1975 Skaer and
Whytock published their interpretation of the three-dimensional structure of liv-
ing nuclei from Drosophila, Simulium, and Chironomus. Their data were obtained
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Fig. 3a—e. Data recording, model building and quantitative evaluation processes. a Nuclei of a
sample gland which was used for analyses. b Stack of images from which the chromosome paths
were traced using an interactive modelling program. ¢ Resulting stick figure model which can
be cotrelated to the cytological map position by reference to the image stack. e The chromosome
pathways can be analyzed for several parameters and after normalization of the graph axes to
the cytological map positions nuclei from different glands can be compared. The crosshair in e
corresponds to the position of the loci in the model, which are shown in d by the two black dots.
(For details see Mathog et al. 1984; Hochstrasser et al. 1986) (Mathog et al. 1984)

by optical sectioning of nuclei in living glands using Nomarski optics. However,
their conclusions were rather general mainly due to the complexity of the ob-
served structures with a concomitant lack of adequate means for analyzing and
interpreting their data. :

Sedat and co-workers (Agard and Sedat 1983; Mathog et al. 1984; Gruen-
baum et al. 1984; Hochstrasser et al. 1986) using a similar approach studied the
three-dimensional arrangement of polytene chromosomes in the Drosophila sali-
vary gland. T would like to summarize their findings in this section.

Nuclei in intact glands were stained with a DNA-specific fluorescent dye and
recorded in a series of images of optical sections, which were stored in a computer.
We followed the path of the chromosome arms in the image stack using an inter-
active modelling program. Subsequently, quantitative properties could be derived
from the resulting stick figure models and could be used for a detailed description
of the chromosome folding (see Fig. 3). By using this approach the models of 24
nuclei from three glands have been evaluated.

By a direct inspection of the stereo-pair models of the nuclei (see Fig. 4) several
organizational features can be demonstrated.

1. The chromosome arms are always maintained in separate spatial domains,
respecting each other’s domain, although they are highly contorted and closely
packed.
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Fig. 4. Stereo-pair of a stick figure model of a salivary gland nucleus. The major chromosome
arms are given in different colors. Squares refer to the centomere; crosses to the telomere ends.
Note the Rabl orientation. (Hochstrasser et al. 1986)

Figure 5 see page 231

Fig. 6. Stereo-pair of the stick figure model of a nucleus with split chromosome center. Symbols
as in Fig. 4. Note that the chromosomes are still in separate domains. (Hochstrasser et al. 1986)
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2. The aggregated centromere regions are always positioned against the nu-
clear envelope as has been reported for Drosophila embryos (Ellison and Howard
1981). However, there is no preferred arrangement of the chromosome center
with respect to the axes of the gland.

3. The telomeres of the chromosomes are in 80% of the cases in the hemi-
sphere opposite the chromosome center.

4. The chromosome arms are almost always next to each other. The X chro-
mosome, although almost always between the two autosomes, is not prefer-
entially positioned next to a particular arm.

So far the data are consistent with a Rabl orientation. If this is a structural
relic of the final mitosis in the embryo, then the data imply a high degree of po-
sitional stability, since the nuclei have increased in volume several hundredfold
and there have been nine to ten rounds of internal DNA replication. Another
striking feature is that the chromosomes strictly respect their domains. It can be
inferred that the same may be true for the diploid interphase chromosome with
the effect that the chromosomes do not interfere with each other during mitosis.

Further information on chromosome organization has been extracted by
quantitative analyses of the models.

5. The chromosome coils, in general, appear to be right-handed as can be
shown using a standard vector operation. This was not immediately apparent by
visual inspection and this may account for the fact that no such chirality has been
reported previously.

6. A set of 15 loci regularly contacts the nuclear envelope with a high fre-
quency (see Fig. 5). All but one of these loci coincide with positions of intercallary
heterochromatin and in physical sections they often appear to be attached to the
nuclear surface. There were additional loci which often appeared to be in contact
with the nuclear envelope and which corresponded to known positions of inter-
callary heterochromatin. However, a larger number of nuclei is required to prove
the significance of this observation. The heterochromatic nature of these loci may
allow them to bind more firmly to the reforming nucleus following mitosis, thus
accounting for the observed selectivity. Quick (1980) showed the adhesion of ec-
topic fibers to the nuclear envelope and heterochromatic material is also known
to bind to nuclear envelopes in diploid nuclei (cf Comings 1980). We also ob-
served a number of sites which are not constantly at the nuclear periphery. There
are no particular chromatin structures correlated to these sites, so their biological
significance remains to be established.

7. Five nuclei have been found with the chromosome center region split (ei-
ther a chromosome 2 or chromosome 3 was split off; see Fig.6 on page 229).
Apart from centromere-telomere polarization all the structural features outlined
in the previous sections still exist in these nuclei. This implies that (1) the struc-
tures at the nuclear envelope to which the chromosomes attach are not uniquely
configured relative to these sites and it is also unlikely that the nuclear envelope
per se defines the geometry of a chromosome. (2) The chromosomal domains are
apparently established and maintained by a chromosomal impedance rather than
by a general nuclear scaffolding scheme. (3) Obligatory pairwise interactions be-
tween loci on different chromosomes might be improbable. However, it does not
preclude that the chromosome arm in its domain may interact with itself.
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Fig. 5. Nuclear surface contact frequencies for the five major chromosome arms. Recorded were
loci within 1 p of the surface. The cytological position is plotted along the abscissa with the chro-
mosome center (CC) to the left and the telomere (7) on the right. The ordinate range is 024 (24
nuclei analyzed). A cutoff frequency was determined for each chromosome arm to exclude the
recording of contact sites occurring by chance. For details see Hochstrasser et al. (1986). The cu-
toff is shown by the dashed line. Arrows mark the position of the contact sites; dark arrows in-
dicate an overlap with the position of intercallary heterochromatin, which is not the case for the
white arrow. (Hochstrasser et al. 1986)

8. In order to determine whether the single chromosome arms assume distinct
configurations, rank ordering of intradistance plots has been performed
(Hochstrasser et al. 1986). In summary, the results show that there is no long-
range interaction of loci more than two cytological subdivisions apart, which can
be observed in a large fraction of the nuclei examined. Either no long-range in-
teractions exist or there are several subsets of such interactions depending on the
cell position within the gland, or a particular configuration is only important in
early diploid stages of development.

9. In addition, we performed a preliminary analysis of the spatial arrange-
ment of active genes on chromosomes in fixed polytene nuclei. Comparison of the
distribution of chromosomal loci marked by antibodies against RNA-binding
proteins in spread chromosomes and in intact optical sectioned nuclei suggested
a nonrandom clustering of these sites in the nuclear space. Data obtained from
reconstructed nuclei of physically sectioned glands which had been labelled by a
pulse of tritiated uridine, a DN A-specific fluorescence dye, and antibodies against
RNA-associated proteins again led to the observation that active sites might be
restricted in their spatial distribution to certain nuclear regions (clustering). Spa-
tially close sites, although probably apart on linearly arranged chromosomes, ap-
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Fig.7 A-D. Physically sectioned salivary gland nuclei. In A, B the glands were pulse-labelled. A

DNA staining by a fluorescence dye; B autoradiography of the same section. C, D The distribu-

tion of an RNA-binding protein. See DNA staining as above. D Indirect immunofluorescence

with an antibody against an RNA-binding protein. Some of the connections between active sites
are indicated by arrows. (Gruenbaum et al. 1984)

pear connected to each other as was apparent both from the distribution of
uridine label and antibody (see Fig. 7).

5 Concluding Remarks

The existence of a nonrandom spatial organization within the interphase nu-
cleus appears to be beyond any doubt. Questions pertain to their flexibility and
importance for cellular processes. At the one extreme there is the view of a highly
ordered structure enabling the concerted regulation of gene batteries and direct-
ing the export of their products into a structured cytoplasm, as has been hypothe-
sized recently (Blobel 1985). At the other end is the conservative statement that
the observed organization merely reflects the packing constraints for the chromo-
some arms inside the nuclei. In summarizing that which is presently known, I have
tried to elucidate that reality might be somewhere in between and I also have tried
to demonstrate that we now have the tools to determine where it is.
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Heterochromatin and the Phenomenon of Chromosome
Banding

D. SCHWEIZER, J. LomL, B. HAMILTON !

1 Mammalian G-/R-Bands

1.1 DNA Composition in G- and R-Bands

1.1.1 DNA Base Pair-Specific Fluorescent Dyes as Labels
for dA 4+-dT-Rich G-Bands and dG+dC-Rich R-Bands

-~ DNA-binding, base pair-specific fluorescent dyes impart a longitudinal differ-
entiation in mammalian metaphase chromosomes consisting of specific non-
periodical patterns of alternating bright and dull bands of characteristic width.
Human prometaphase chromosomes exhibit more than 2000 light and dark
bands. A very small band at the limit of light microscope resolution contains
about 1250 kb (Holmquist 1986 a).

AT-specific fluorescent dyes such as quinacrine, 33 258 Hoechst and DAPI il-
luminate the so-called G-bands (see Schweizer 1981). The GC-specific dyes chro-
momycin Aj, mithramycin, and olivomycin impart a reciprocal fluorescent pat-
tern to the chromosomes (Schweizer 1976; van de Sande et al. 1977). Thus,
fluorochromes with complementary DNA base specificity stain R-bands and G-
bands in a reverse manner as if the two kinds of bands differ in overall base com-
position. DNA biochemical data support this conclusion (Table 1). The overall
difference visualized by DNA affinity labels is likely to reflect the compositional
compartmentalization of the mammalian genome into a mosaic of isochores (Ber-
nardi et al. 1985), very long DNA segments predominantly AT- or GC-rich.

Earlier, the use of pairs of selected DNA ligands provided additional indirect
evidence that G- and R-bands have reciprocal base pair bias (Schweizer 1976,
1980, 1981). The staining difference of a fluorescent primary stain exhibiting a
given base pair binding and/or fluorescence specificity is enhanced when an ap-
propriate nonfluorescent counterstain with complementary binding affinity is
employed (Fig.1). The enhancement mechanisms have been studied in some de-
tail (Sahar and Latt 1978, 1980; Schweizer 1981). Either binding competition or
energy transfer are predominantly responsible for the observed contrast enhance-
ment. Energy transfer between dyes bound to DNA in proximity is efficient over
approximately 35 A (about 10 bp) (Sahar and Latt 1980). This result can be rec-
onciled with a model where the enhanced chromosome bands that are resistant
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Table 1. Cytochemical and molecular properties of R-band DNA and G-band DNA

R-bands G-bands

Quinacrine dull Quinacrine bright ]

DAPI/actinomycin D dull DAPI/actinomycin D bright [2]

Chromomycin/distamycin bright Chromomycin/distamycin dull [2]

Potential ZDNA-forming sites - [3]

GC-rich AT-rich (e.g., in Chinese hamster 3.2% [4]
richer in AT than R-bands)

GGCGGG-rich promoters CAAT, TATA box promoters [5]

CCGG-rich CCGG poor [5, 6]

Alu sequences Hind III repeat sequences [7

Constitutive genes Tissue-specific genes [8]

Early replicating Late replicating [9]

[1] Caspersson et al. (1972) [6] Holmquist and Caston (1986)

[2] Schweizer (1981) [71 Manuelidis and Ward (1984)

[3] Viegas-Péquignot et al. (1983) [8] Goldman et al. (1984)

[4] Holmquist et al. (1982) [9] Ganner and Evans (1971)

[5] Holmquist (1986a)

Fig. 1. DNA base pair-specific banding as exemplified on human chromosome # 1. From left to
right counterstain-enhanced banding: the two dye pairs DAPI/actinomycin D (AMD) and chro-
momycin A, (CMA)/distamycin A (DA) impart reciprocal patterns. R-bands are revealed by
CMA fluorescence, and also by DNase I digestion of fixed CMA stained chromosomes followed
by Giemsa-staining (Schweizer 1977), and after staining with antibodies to Z-DNA (kindly pro-
vided by Dr. D.J. Arndt-Jovin, MPI, Géttingen). Right diagram of a banded human chromo-
some # 1 (Paris Conference 1971) with one chromatid schematically exhibiting “high resolution™
prophase differentiation (Yunis 1976)
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to quenching are likely to harbor many DNA clusters 20 bp or longer predomi-
nantly of the base pair composition favored by the primary stain.

1.1.2 Fractionation and Characterization of Mammalian G- and R-Band DNA

Gerald Holmquist and his coworkers were the first to link a cytological
knowledge of chromosome bands with molecular data. They developed means for
fractionating mammalian genomic (euchromatic) DNA into two approximately
equal major components of R- and G-band DNA (Holmquist et al. 1982; Gold-
man et al. 1984). They separated early replicating DNA from late replicating
DNA. R-bands normally complete their replication at about mid S-phase and
usually before G-bands initiate replication. Bromodeoxyuridine (BrdUrd)-substi-
tution of either early or late replicating DNA allowed a fractionation of the two
components by equilibrium density gradient centrifugation. By this approach, a
determination of the overall G+ C content in R-band DNA and G-band DNA
was possible (Table 1). To determine what genes and what defined interspersed
repeat sequences can be attributed to either G- or R-band DNA or to both com-
ponents, digested and electrophoretically separated mammalian DNA was
probed with defined sequences.

Base composition fractionation using equilibrium density gradient centrifuga-
tion in conjunction with DNA ligands allowed the fractionation of mammalian
main band DNA into light (AT-rich) and heavy (GC-rich) components (Bernardi
et al. 1985). It was suggested that this kind of heterogeneity in base composition
is associated with chromosomal G- and R-banding. As outlined above, the ge-
nome distribution of defined sequences to the different “isochores” was probed
using the Southern transfer method. The results obtained, together with data
from other laboratories, are summarized in Table 1 and in the following para-
graphs. The matter has been extensively reviewed by Holmquist (1986a, b, ¢).

Southern blot analysis, in conjunction with R- and G-genome fractionation
or base composition fractionation of mammalian DNA showed that most fami-
lies of interspersed repetitive sequences are not “randomly” dispersed but are pre-
dominantly confined to either R-band or G-band DNA. The mammalian chro-
mosome banding patterns of R- and G-bands reflect a differential arrangement
of long and short interspersed repeated sequences (LINEs and SINEs) (Holm-
quist and Caston 1986). The biochemical data using the transfer method are sub-
stantiated by results obtained by in situ hybridization to human metaphase chro-
mosomes using biotinylated probes and a nonradioactive detection system. Alu
sequences belonging to the short interspersed repeat SINE family preferentially
“stain” R-bands, while Hind III probes of Kpnl belonging to the long inter-
spersed repeat LINE family preferentially hybridized to G-bands (Manuelidis
and Ward 1984). As almost all the interspersed repetitive sequences in the mam-
malian genome are or were mobile elements, one may ask why there is apparently
no or little interchange of family members of retroposon sequences between types
of bands (see Sect. 1.3). The problem of mobile genetic elements as they relate to
mammalian chromosome structure has been reviewed recently in some detail
(Holmquist 1986c¢).
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1.2 Mammalian Chromosome Bands and DNA Replication

Each mammalian chromosome band represents a replicon cluster containing
about 20 replicons 50 to 350 kb long (Goldman et al. 1984). DNA replication in
mammals is temporally biphasic: there are two classes of replicon clusters corre-
sponding to early replicating R-bands and late replicating G-bands, respectively
(Holmquist et al. 1982). Bands visualized by differential BrdUrd incorporation
during S-phase followed by BrdUrd-sensitive histochemical staining are called
replication bands (Fig.2) (Latt 1973; Schempp 1980; Holmquist et al. 1982).
Bands visualized by trypsin Giemsa or quinacrine fluorescent staining (Fig. 1) are
called structural bands. There is in general good overlap between structural R-
bands and early replicating R-type bands and between structural G-bands and
late replicating G-type bands (see Kroisel et al. 1985). However, the coincidence
of replication patterns and the structural-banded prepattern is not absolute. The
two female X-chromosomes have identical structural band patterns but different
replication band patterns (Fig. 2). Additionally, the correlation in autosomes may
not be constant during ontogeny nor at the level of gene resolution (Goldman et
al. 1984; Jablonka et al. 1985).

Fig. 2 a—c. Fluorescent staining of human chromosomes labelled with 100 pg m1~! BrdUrd 8 h
before harvest to show on the same metaphase cell either replication R-bands (a, b) or structural
R-bands (c). a and b are dark and light prints of the same photographic negative to show that
the late and the early replicating X-chromosomes are different both with respect to overall
brightness and band pattern. By contrast, the structural R-bands are identical in both X-chro-
mosomes (¢). Replication bands (a, b) were visualized by DAPI-pH 11-staining. Structural R-
bands (c) were obtained by chromomycin/distamycin. (Kindly provided by S. Strehl, Vienna)
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1.2.1 Replication Timing and Transcriptional Activity
of G-Bands and R-Bands

Late replication in the S-phase is usually equated with genetic inertness. Most
C-bands, as well as the inactive (“Lyonized”) X-chromosomes in mammalian fe-
males, replicate late and are genetically inert. Goldman et al. (1984), using their
R-/G-replication band fractionation and the Southern transfer method, pre-
sented evidence that mammalian genes which are potentially active in a given cell
type replicate early and that genes which are permanently inactive replicate late.
Constitutively active “housekeeping” genes always reside in early replication R-
bands, whereas tissue-specific “ontogenetic”’ genes usually reside in G-bands.
DNA and chromatin properties considered to be related to gene activity, such as
DNase I-nicking sensitivity (Kerem et al. 1984) or DNA methylation (Gartler and
Riggs 1983) have been discussed in relation to the above finding (Goldman et al.
1984; Holmquist 1986 a).

In the case of ontogenetic genes it was postulated that the correlation between
replication of tissue-specific genes and the late replicating G-bands is not abso-
lute: a tissue-specific gene located in a late replicating G-band environment is
likely to replicate itself early in those cell types that express that particular gene
(Holmquist 1986 b).

1.2.2 Constancy and Conservation of Mammalian Chromosome Band Patterns

Structural G-/R-band patterns in mammals are species-specific and their on-
togenetic constancy is documented (Burkholder and Comings 1972; Caspersson
et al. 1972). Chromosome R- and G-band patterns are also highly conserved in
evolution. Genetically homologous regions in mammalian chromosomes of dif-
ferent closely related and more distantly related species, such as man and the great
apes (chromosomes # 1), man and mouse (human 1p and mouse # 4, same auto-
somal associations), or man and the cat (human 1p and chromosome # 1 in Felis
catus), show the same kind of banding patterns. Recently, a close scrutiny of this
relationship revealed that it is the R-type early replication patterns that are most
strongly conserved during evolution (von Kiel et al. 1985). Structural G-band pat-
terns are less strongly conserved. In this context one may speculate that the 10%
difference in nuclear DNA contents between ox and goat, two related species with
strongly homologous chromosome band patterns (Sumner and Buckland 1976;
Mayr et al. 1985) resides in structural G-bands, i.e., in the “G-genome” rather
than in the “R-genome” (as defined by Goldman et al. 1984).

1.3 Evolution of the “Banded”” Mammalian Genome

From what has been said above, there must exist strong selective pressure for
the conservation of units with different replication times, particularly early rep-
lication in the case of functional genetic material coding for housekeeping prop-
erties. As a consequence, the ancestral genome diverged into the “early” and
“late”, i.e., the R- and the G-genomes found in extant mammals. The sequence
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divergence rate in R-bands has been found to be slow compared to that in G-
bands (Holmquist 1986 a; Table 1). Sequence comparisons also suggest that the
rate of sequence homogenization within the two genomes is higher than between
the R- and G-genomes. For instance, G-bands on different chromosomes are
much more similar in DNA composition than adjacent G- and R-bands on the
same chromosome. In other words, there is coevolution of sequences in R-bands,
and in G-bands, but divergence between the R- and G-band DNA.

In summary it appears that the partition of the mammalian genome into tem-
poral clusters of replicons is more ancient than the cytologically detectable differ-
entiation into structural G-/R-band patterns (Holmquist et al. 1982).

2 Heterochromatin and C-Banding

The C-band method is a rapid means of detecting constitutive heterochroma-
tin in both the dividing and interphase nucleus. C-bands are heritable chromo-
some elements that harbor repetitive DNA sequences. “Heterochromatic DNA”
(Brutlag 1980) is generally equated with tandemly arranged highly repeated se-
quences or satellite DNAs (see Singer 1982). The sensitivity of the Giemsa C-band
histochemical method lies in the range of 1 x 10~2 pg of DNA, i.e., about 107 bp
(Schweizer and Ehrendorfer 1983).

In only a few known cases are C-bands apparently absent from a species, i.e.,
not detectable by cytological means. When present they are preferentially located
at the telomeres, the centromeres, and surrounding the nucleolus organizing re-
gion. In a variety of organisms intercalary C-bands do occur.

The mechanisms of C-banding have been analysed in some detail (Comings
1978; Holmquist 1979) and structural aspects of heterochromatin and satellite
DNA have been reviewed extensively (Appels and Peacock 1978; John and Mik-
los 1979; Miklos and John 1979; Appels 1981).

In the following section we turn to the discussion of a model for the evolution
of C-band patterns and its implications on hypotheses on C-heterochromatin
function.

2.1 Evolution of C-Band Patterns

An interpretation of the C-band pattern of an extant species is only possible
when we have independent data concerning the evolutionary history of the karyo-
type. Because this is usually not the case, our understanding of the modes of evo-
lution of C-band patterns has to depend principally on comparative studies
within natural populations. These involve one of three approaches:

a) Analysis of C-band variation in species pairs where the direction of karyo-
typic changes can be reasonably inferred.

b) Investigation of C-band variation in and between natural populations of
a single species, i.e., cases of polymorphism and polytypism.

¢) Comparisons of a large number of related, and even unrelated, species to
detect similarities and differences in C-band patterns.
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The observed principles and rules should provide clues to the mechanisms of
cytological and molecular evolution of C-band patterns.

2.1.1 Regularities in C-Band Distribution Patterns

Mammals tend to have a simple centromeric/telomeric C-band distribution
with the notable exception of cetaceous whales, where intercalary bands are the
rule (Arnason 1974). However, the banding phenomenon has to be interpreted on
a larger scale and findings in other animal groups as well as plants have to be in-
cluded. There are many observations of C-band patterns from many species,
which make it possible to discern the generalities as to the karyotype position of
C-bands (King and John 1980; Greilhuber and Loidl 1983; Loidl 1983; Schweizer
and Ehrendorfer 1983; John et al. 1985). The subject has recently been reviewed
(Schweizer and Loidl 1986) and, therefore, the major regularities and rules are
here presented without substantiating data (for details see Schweizer and Loidl
1986).

a) C-Band Distribution and Chromosome Size. Within a given complement,
the shorter chromosomes and chromosome arms tend to have telomeric bands,
while the longer chromosomes or chromosome arms tend to have intercalary
bands. The shorter chromosome arms tend to have more C-band material than
longer arms (Schweizer and Loidl 1986). The gain of terminal heterochromatin
may be such that the total length of an initially short arm approaches the length
of the longest arm in a given karyotype. In karyotypes with interstitial bands only,
these are more likely to occur in the longer chromosome arms (Fig. 3).

b) ., Aquilokale Heterochromatie“ (Equilocal Heterochromatin Distribution)
(Heitz 1933). Similar C-bands in nonhomologous members of the same diploid
set tend to be located at similar sites, i.e., at the centromere and/or interstitially
at roughly similar distance from the centromere.

¢) Interstitial Bands. The distribution of interstitial bands is nonrandom [see
(b) “equilocality’’], and the positions and amounts are not simply a function of
arm size. The positions of interstitial bands show a relationship to the arm lengths
of the remaining chromosomes within a karyotype. For each interstitial band,
there exists a chromosome arm in the population, the telomere of which is as far
from the centromere as the proximal border of that interstitial band is from the
centromere (Loidl 1983). The telomeres of the shorter chromosome arms thus de-
fine the positions of the interstitial bands in the longer arms (Fig. 3).

2.1.2 The Role of Chromosome Disposition in the Three-Dimensional Space
of the Mitotic Interphase Nucleus

On the basis of the generalities outlined above, it is conceptually simple and
attractive to think that the localization of C-bands in a given karyotype is con-
strained by the spatial organisation of the chromosomes in the mitotic nucleus
(Barnes et al. 1985; Schweizer and Loidl 1986). The so-called Rabl polarization
(see Cremer et al. 1982; Saumweber, this vol.) of chromosomes refers to the fact
that the anaphase-like disposition of the chromosomes (with the centromeres di-
rected to the spindle pole of the preceding anaphase) is maintained through inter-
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Fig. 3 a—c. Evolution of intercalary and telomeric C-bands. Hypothetical sequence of the forma-
tion of band patterns (lane a): Intercalary bands in longer chromosome arms are formed at po-
sitions which have the same centromere distance as the telomeres of shorter chromosome arms.
Shorter arms tend to accumulate terminal heterochromatin. Lane b shows the corresponding sit-
uation in mitotic nuclei with Rabl polarization of chromosomes. Telomeres of shorter chromo-
some arms come into contact with equidistant intercalary regions in longer chromosomes. At
these contact zones transfer of heterochromatic DNA sequences occurs. In lane ¢ the situation
in meiotic prophase is depicted. Band patterns do not reflect this kind of spatial chromosome
disposition

phase and into the succeeding mitosis. The Rabl polarization brings centromeres
together while chromosome ends are attached to the nuclear membrane. The site
of attachment is largely a function of the length of a given chromosome arm.
Clearly, centromeres will be close enough to come into contact, but also chromo-
some ends (telomeres), although probably much less frequently, will come into
contact with those of similar arms and with equilocal interstitial regions of longer
nonhomologous chromosome arms.
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2.1.3 A Model for C-Band Patterns

The model we have proposed (Schweizer and Loidl 1986) assumes that all po-
tential contact zones between a given telomere and those intercalary chromosome
regions which lie at a similar distance from the centromere are potential sites of
heterochromatin transfer. The model assumes that, over evolutionary time, this
kind of restricted heterochromatin transfer is effective in mitotically dividing cells
within the germ line. The incipient evolution of C-band patterns may be largely
constrained by nucleotypic characters (chromosome arm size and volume, nu-
clear volume) and the polarized disposition of the chromosomes at mitotic inter-
phase.

A possible constraint of nuclear organization at first meiotic prophase (zygo-
tene/pachytene) can be ruled out in this situation. It is known from studies on C-
band distribution and variation carried out on a large number of grasshopper spe-
cies (see John et al. 1985) and liliaceous plants (see Greilhuber 1984) that incipient
distribution patterns of intercalary C-bands are a reflection of Rabl-polarization
rather than bouquet polarisation (Fig. 3). It is likely, however, that meiotic con-
straints represent major determinants of the independent evolution of specific
chromosomes or groups of chromosomes such as the sex chromosomes, chromo-
some 1 in crested and marbled newts (Sims et al. 1984), and the megameric chro-
mosome pair in certain grasshoppers (White 1973).

The operation at meiotic prophase of processes responsible for the mainte-
nance of satellite DNA sequence homogeneity is a second important feature of
our model (see below).

Predictions of the Model. The model implies that metacentric chromosomes
will tend to have similar (symmetric) band patterns in their two arms. It further
predicts that a karyotype consisting of chromosomes with approximately similar
arm lengths will tend to have telomeric rather than intercalary bands. A karyo-
type consisting of members with different sizes and arm ratio, on the other hand,
will tend to possess intercalary bands in addition to telomeric bands. Concerted
evolution of C-band patterns is to be expected in nonhomologous chromosome
arms of similar lengths of a given species.

If, as proposed, karyotype architecture and chromosome arm lengths deter-
mine C-band patterns, then parallelism, or convergence, is to be anticipated for
similarly shaped karyotypes. Therefore, similar C-band patterns may be found in
similar chromosomes in more distant or even in unrelated species with similar
karyomorphology.

2.1.4 The Role of Meiosis in the Evolution of C-Band Patterns

Meiotic recombination between different structural morphs of C-banded
chromosomes can be a source of heterochromatin diversity and of new structural
types as defined by C-band patterns.

Recombination and information transfer, including nonreciprocal exchanges
such as gene conversion, operating between heterochromatic DNA of homolo-
gous and also of nonhomologous chromosomes, have to be invoked to explain
the reported cases of concerted evolution of constitutive heterochromatin (Dover
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Fig. 4 a—d. Hypothesis for the evolution of centric C-bands. a Accumulation of heterochromatic
sequences and their transfer to homologous and nonhomologous chromosomes (arrows). In b
the close contact in mitotic and meiotic nuclei and sequence homogeneity of centric C-bands in
telocentric chromosomes is shown. ¢ a Robertsonian fusion creates (sub-) metacentrics out of
telocentrics. d situation as encountered in Sus scrofa where centromeric heterochromatin in
metacentrics and telocentrics is of different sequence composition (drawn as open and filled cen-
tromeres, respectively). C-band sequences in all telocentrics are similar, those in metacentrics
have diverged. While in mitotic nuclei the relative positions of centromeres are not altered sub-
stantially by the Robertsonian event, centromeres of metacentrics are spatially isolated in meiotic
pachytene. This kind of nuclear constraint is suggested to promote the independent satellite
DNA evolution between groups of chromosomes
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et al. 1982). Recombination requires proximity and interchromosomal contact.
Proximity of C-bands is determined by the spatial disposition of chromosomes.
In order to assess these nuclear constraints, a comparison of the meiotic vs. mi-
totic spatial nuclear organization (bouquet polarization vs. Rabl polarization)
was carried out in Robertsonian systems, where the importance of chromosome
arrangement is especially clear.

Figure 4 demonstrates that the disposition of acro- or telocentric chromo-
somes is not significantly changed at mitotic ana-/telophase by a Robertsonian
rearrangement (fusion or dissociation) and hence also during interphase (mitotic
Rabl polarization). By contrast, the disposition of bivalents at meiotic prophase
(zygotene/pachytene) is significantly altered. Centromeric regions, which in
telocentrics are clustered at the membrane of the zygotene/pachytene nucleus, are
spaced out when involved in a fusion event. This difference in spatial arrangement
of the two chromosome types (telocentric and biarmed) may provide a rationale
for the reported differences in chemical composition of centric heterochromatin
in biarmed and telocentric chromosomes in stable Robertsonian systems (Kurnit
et al. 1978; Schwarzacher and Schweizer 1982). On the other hand, the proximity
of heterochromatic DNA in the zygotene and pachytene nucleus, i.e., at stages
when the enzymatic machinery for both reciprocal and nonreciprocal recombina-
tion is available, may provide a cytological basis for those molecular processes
which are responsible for the maintenance of satellite DNA homogeneity between
groups of C-bands on both homologous and nonhomologous chromosomes (for
discussion see Arnheim et al. 1980; Dover et al. 1982; Dover and Flavell 1984).

Thus, in polymorphic Robertsonian systems, at an incipient stage of evolution
of a bimodal karyotype by centric fusion of telocentrics, the biochemical structure
of the heterochromatic centric regions in the fusion submetacentrics should be
similar to centromeric heterochromatin in telocentrics and, additionally, it should
not be very different between different fusion submetacentrics. This situation is
indeed found in the European wild pig, Sus scrofa scrofa (Mayr et al. 1984), and
in the mouse fusions recently analyzed by Redi et al. (1986). On the other hand,
in stable Robertsonian systems, where biarmed chromosomes and telocentrics
have been separated over longer evolutionary time, the compositions of centro-
meric heterochromatin in the two chromosome groups of a given karyotype are
expected to have diverged.

2.1.5 Sus scrofa as a Model System for the Study
of Centric C-Band Composition

Male Sus scrofa domestica (2n=138, XY) has 24 biarmed autosomes and an
XY pair which is also biarmed, together with 12 acrocentric chromosomes. Coun-
terstain-enhanced fluorochrome staining of mitotic metaphase chromosomes re-
vealed a qualitative difference of centric C-bands in the biarmed autosomes,
Nos. 1-12, and in the telocentric chromosomes Nos. 13-18 (Schnedl et al. 1981;
Schwarzacher et al. 1984). The centromeres of members of the latter group are
positively stained by distamycin/DAPI, whereas the centric regions of biarmed
autosomes Nos. 1-12 are highlighted by the GC-specific fluorescent dye chromo-
mycin A;. The autosomal heterochromatin differentiation in Sus scrofa domestica
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Fig.5a—c
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thus reflects the bimodal karyotype differentiation with biarmed and telocentric
chromosomes (Fig. 5 a).

The experimental possibility to specifically differentiate the centromeres of the
two chromosome groups in Sus scrofa provided a means for the cytological study
of centromere arrangement at interphase and during the early stages of meiotic
prophase. Fluorescence analysis of pachytene nuclei revealed that the DA/DAPI-
positive C-bands of telocentrics form one or occasionally two large fusion chro-
mocentres per cell, while the chromomycin-bright chromocentres, constituted by
the centric regions of biarmed chromosomes, usually show little association, i.e.,
are well separated in the pachytene nucleus (Schwarzacher et al. 1984). From this
observation it follows that the bivalents formed by the telocentric chromosome
pairs are centromerically associated, while the biarmed bivalents are not. These
results obtained by fluorescent staining techniques have been recently confirmed
using cloned satellite DNA probes of Sus scrofa (B. Hamilton et al., in prepara-
tion; see also Figs. 5b, c).

Our model predicts that in Sus scrofa domestica all telocentrics should harbor
similar centromeric satellite DNA being different from satellite DNA localized at
centric regions of biarmed chromosomes. It may be further assumed that inter-
chromosomal homology of heterochromatic DNA is greater in chromosomes
Nos. 13-18 than in the biarmed chromosomes Nos. 1-12.

2.2 Functional Aspects of C-Heterochromatin

A large number of functions has been attributed to C-heterochromatin over
the years (see Cooper 1959; Brown 1966; Britten and Kohne 1968; Walker et al.
1969; Yunis and Yasmineh 1971; Arrighi and Saunders 1973; Hsu 1975; Fry and
Salser 1977; John and Miklos 1979; Brutlag 1980) but as many have been ques-
tioned or rejected. In the following, functional aspects of heterochromatin are dis-
cussed in the light of what we know about its chromosomal distribution.

2.2.1 C-Heterochromatin Function in Relation to Sequence Composition
and Chromosomal Distribution

C-heterochromatic DNA is mainly composed of short, highly repeated, and
tandemly arranged sequences. Although basic repeats are often remarkably con-
servative between related species, there can exist a large number of variants even

<
<4

Fig. 5a—c. Insitu hybridization of a cloned satellite IIl DNA probe (P 3.4) of Sus scrofa domestica
to mitotic chromosomes (/ef?) or meiotic pachytene nuclei (right) using either a *H-nick trans-
lated probe and autoradiography (b) or the biotin/streptavidin/peroxidase method (Manuelidis
and Ward 1984) in conjunction with reflection contrast- (¢ leff) or light microscopy (c right). All
the 12 centric C-bands of acrocentric chromosome pairs Nos 13-18 which are highlighted by dis-
tamycin/DAPI fluorescent staining (see Schwarzacher et al. 1984) are labelled by probe P 3.4.
Fluorescent staining (a) and in situ hybridization (b, ¢) of pachytene nuclei demonstrate associ-
ation of these heterochromatic regions to a single chromocenter (cf. Fig. 4). Implications for het-
erochromatin composition and karyotype evolution are discussed in Section 2.1.5
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within one species. As John and Miklos (1979) point out, this poses a serious
problem for any theory of satellite function. If there exists a function for hetero-
chromatin which is common to all higher organisms, it cannot be related to the
sequence composition of heterochromatic DNA.

The amounts of C-band-positive material can vary considerably between spe-
cies, ranging from over the half of the karyotype length to its virtual absence. This
makes a vital function for heterochromatin unlikely. Its presence can also be vari-
able between populations or individuals. Thus it seems that it is not indispensable
for particular individuals, even in species where heterochromatin normally oc-
curs. Therefore a function might rather be sought at a higher level than the indi-
vidual organism, e.g., by creating differences between populations or individuals,
extending the ecological spectrum of a species.

Not only the amount and sequence composition, but also the chromosomal
distribution of C-positive material is subject to a great variation between species.
As outlined in the previous section, the C-band distribution patterns can be ex-
plained in nucleotypic terms. The model by Schweizer and Loidl (1986) is based
on a spread of heterochromatic sequences to numerous chromosomal locations
which is governed by karyotype structure and not by a response to functional
needs. According to this concept, the regions where C-bands are found are those
where they are tolerated rather than those where they have been selected for func-
tional reasons. The model, if correct, would mean that the chromosome and
karyotype distribution of bands does not provide the clue to heterochromatin
function.

Taken together, any hypothesis on heterochromatin function has to comply
with the condition that it must be unrelated to both heterochromatin sequence
and chromosomal location.

2.2.2 Functions Versus Effects

The idea that parts of the genome could be parasitic was expressed in view of
the behavior of B-chromosomes by Ostergren (1945). It was adopted by Doolittle
and Sapienza (1980) and Orgel and Crick (1980) for repetitive DNA. They state
that certain sequences could accumulate by virtue of an efficient mechanism for
amplification which over-rides the selective forces against the maintenance of
nonfunctional (“junk”) DNA sequences. This concept of a “selfish” or “para-
sitic”” heterochromatin agrees best with the proposed mode of infectious hetero-
chromatin sequence spread throughout the karyotype, which by itself has para-
sitic characteristics.

However, a selfish mode of heterochromatin accumulation which is not gov-
erned by selection pressure does not rule out that heterochromatin has acquired
functional significance. This may have happened via nucleotypic effects of hetero-
chromatin which have turned out advantageous under some circumstances.

There are two main examples where the borderline between mere effects and
functions (in the sense of a benefit to the host) is not clear: the effect on cell vol-
ume and the effect on recombination.
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2.2.3 The Control of Cell Volume

Heterochromatin contains “non-transcribed nuclear skeleton DNA” (Cava-
lier-Smith 1978), whose presence increases the amount of nuclear DNA which is
strongly positively correlated with cell size, cell cycle duration and time for
growth of the organism (lit. in Cavalier-Smith 1978). The cause for slowing down
of the cell cycle and growth due to larger DNA quantities may be the additional
workload for the replication machinery.

On the other hand, Nagl (1974) found evidence that the nuclear DNA content
can increase by the addition of heterochromatin without lengthening of the cell
cycle. The cycle may even become shorter. Cavalier-Smith (1978) tried to explain
this contradictory observation by an increase in the number of nuclear pores and
an enlarged nuclear surface (which is favorable for nucleus/plasma interaction)
in cells with higher DNA content.

Thus, even if it is expressed in different ways, there is an apparent nucleotypic
effect of heterochromatin and it is likely that several organisms or populations
take enough advantage of it to compensate for selection against heterochroma-
tin.

2.2.4 Meiotic Effects of Heterochromatin

Probably the best-documented effect of C-heterochromatin is exerted on
meiotic events. This is the influence on chiasma frequency and distribution.
Crossing-over is absent from heterochromatin (see, e.g., John and Lewis 1965;
Marks 1974; John 1976; Jones 1978; Loidl 1979). This reduces the mean number
of chiasmata per karyotype length compared to an unbanded karyotype of the
same length. However, since heterochromatin is devoid (or poor) in genes and is
usually present as an additional material (i.e., it is not transformed euchromatin,
see Loidl 1983), the ratio of crossing-over to unit length of euchromatin is not al-
tered by the presence of heterochromatin. This could be different, of course, for
heterochromatin which is transformed euchromatin. King (1980) claimed that
this heterochromatin type occurs in some frogs. It is not known, however,
whether or not this heterochromatin excludes chiasmata.

By contrast, it has also been claimed that the presence of heterochromatin in-
creases the number of chiasmata in a karyotype, so that the number of chiasmata
rises more than expected from the gain in length owing to the addition of hetero-
chromatin (e.g., Riva et al. 1984).

In several grasshoppers a repulsion effect of C-heterochromatic bands on
chiasmata was observed (e.g., Southern 1967, Miklos and Nankivell 1976; John
and Miklos 1979). This means that if a terminal or proximal C-band is present
in a chromosome arm, chiasmata form preferentially at its opposite end. De la
Torre et al. (1986) found that this effect is strongest when the bands are hetero-
zygous with respect to presence or size. This may provide the explanation for the
phenomenon of heterochromatin-chiasma interference: Even if C-bands do not
impair chromosome synapsis, the “effective pairing” (Chandley 1986) (i.e., the
precise sequence matching which is necessary for crossing-over) could be out of
phase in the neighborhood of heterozygous bands. An alternative explanation for
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the spatial separation of heterochromatin and chiasmata is that heterochromatin
can originate only in regions with low chiasma frequencies (Charlesworth et al.
1986). However, if this were the case, chiasmata should occupy the same positions
in the presence and absence of bands, which is not supported by observations.

In other organisms, by contrast, a close proximity between C-bands and chias-
mata was found (e.g., Linnert 1955; Dyer 1963; Jones 1978; Friebe 1979; Loidl
1979, 1982; Murer-Orlando and Richer 1983). Of particular interest are the find-
ings in the liliaceous plants Allium flavum and A. carinatum (Loidl 1979, 1982).
In these species chiasmata always occur in euchromatin near the borders of the
distally to terminally located bands, but this correlation is also retained when a
band is exceptionally located in a more proximal position. Obviously, in Allium
effective pairing near C-heterochromatin is achieved in spite of band heterozygos-
ities, allowing crossing-over to occur in the vicinity of bands. It may be speculated
that this is made possible by a high incidence of intercalary pairing initiation in
the regions close to the bands. However, this does not explain the exclusive occur-
rence of chiasmata in the proximity of bands. The explanation is possibly found
in a suggestion by Chandley (1986), according to which the eu-/heterochromatin
junctions, which are junctions between early and late replicating regions, are espe-
cially susceptible to strand breaks which initiate crossing-over events.

The examples presented above show that the presence of heterochromatin can
override a genetically determined chiasma distribution in some instances. Al-
though achieved in different ways, by a redistribution of chiasmata either toward
or away from the bands, the consequence of the presence of C-bands for the re-
striction of intrachromosomal recombination is apparent.

It is conceivable that the influence of heterochromatin on genetic recombina-
tion may be useful for the conservation of advantageous combinations of traits
and hence being of benefit to a population. If this would turn out to be true, it
would illustrate how heterochromatin as an originally neutral or parasitic element
may have outwitted selection by adopting a function.
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Multiple Nonhistone Protein-DNA Complexes
in Chromatin Regulate the Cell- and Stage-Specific
Activity of an Eukaryotic Gene

A.E. SippeEL, U. BORGMEYER, A.W. PUscHEL, R.A.W. Rurp, A. STiEr, U.
STRECH-JURK, and M. THEISEN

1 Introduction

The general mechanisms underlying cell differentiation are still widely un-
known. At present, we are forced to reduce the complexity of problems to more
basic questions. In a first approximation, cell differentiation must be considered
to be the result of differential expression of the same genomic information present
in all cell types of an organism. In regards to this, we have asked the question:
“What mechanism during cell differentiation prepares an eukaryotic gene so that
it is activated only in a specific cell type and only at the right period of time?”

The first cell-specific acting DNA elements in the vicinity of eukaryotic genes
have been recently discovered (for review, see Serfling et al. 1985). Originally
identified in viral genomes, so-called transcriptional enhancers were found to po-
tentiate transcription from RNA polymerase II-transcribed promoters in an
orientation- and distance-independent manner (Khoury and Gruss 1983). Later,
cis-acting DNA elements of this type were also found in cellular DNA and it
could be shown that they exert a high degree of cell-specific function (Gillies et
al. 1983; Banerji et al. 1983; Queen and Baltimore 1983). Today regulatory se-
quences responsible for the tissue-specific and developmentally regulated tran-
scriptional activation have been found for many genes in the immediate 5'-flank-
ing region of the promoter as well as further upstream or downstream (for review,
see Serfling et al. 1985). In order to understand the function of cis-acting DNA
elements in the transcriptional regulation of eukaryotic genes, it is necessary to
identify factors which interact with these sequences and to elucidate the detailed
molecular structure of these genomic switches in the chromatin.

For the study of the molecular mechanisms involved in cell and stage-specific
transcriptional activation, we have concentrated on the gene for chicken lyso-
zyme. The gene itself, its transcriptional products and the general regulatory
physiology of its activity are well characterized (Sippel et al. 1978; Nguyen-Huu
et al. 1979; Jung et al. 1980; Grez et al. 1981; Schiitz et al. 1981; Sippel and No-
wock 1982). In contrast to other genes which are studied for their mechanism of
cell-specific expression, like the globin genes, the immunoglobulin genes, the oval-
bumin genes or the vitellogenin genes, the gene for chicken lysozyme offers a cer-
tain advantage. The same gene, which is present only once per haploid genome,
is expressed in two widely different cell types and its activity is regulated differ-
ently in these cells.
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1. Lysozyme is one of the four major egg white proteins produced in the tubu-
lar gland cells of the laying hen oviduct. The transcriptional activity of the gene
in these cells is strictly dependent on the presence of at least one type of the natu-
rally occurring steroid hormones (Schiitz et al. 1978).

2. As part of the bactericidal strategy of the organism, lysozyme is also ex-
pressed in mature macrophages. In these cells, the gene is constitutively active and
completely independent of steroid hormones (Sippel et al. 1986).

When total cellular RNA was used to map the site of transcriptional initiation
in oviduct cells and peripheral blood-derived macrophages, it could be shown
that the same promoter site is used in both cell types (Grez et al. 1981; Sippel et
al. 1986; Theisen et al. 1986).

In liver cells, as in most other cells of the organism, the lysozyme gene is in-
active. It is not steroid inducible, even though chicken liver cells are excellent es-
trogen target cells in which the yolk protein genes are regulated via a functional
estrogen receptor (Ryffel and Wahli 1983; Burch and Weintraub 1983).

In order to approach the mechanism of differential gene regulation, it is nec-
essary to find the cis- and trans-acting components which determine the various
modes of activity of the gene. It is our hope that by doing so, we will obtain clues
as to which general mechanisms control cell differentiation.

2 DNase Hypersensitive Chromatin Sites
are Clustered Around Genes

It is widely assumed that the structural organization of chromatin contributes
to the state of activity of eukaryotic genes (Weintraub 1985). Rather than initially
concentrating on the structure and function of the promoter region we have
started out looking at the chromatin structure of a wider region flanking the ly-
sozyme gene. DNase I was used to probe the nuclease accessibility of DNA in the
chromatin of isolated nuclei. When we mapped DNase I hypersensitive sites by
the indirect end-labelling method, originally developed by Wu (1980) and Nedo-
spasov and Georgiev (1980), we found that nuclease hypersensitivity is not re-
stricted to promoter proximal regions of the chromatin.

Figure 1 summarizes the location of all hypersensitive sites mapped in laying
hen oviduct nuclei in the region of 50 kb encompassing the lysozyme gene (Frit-
ton et al. 1983; 1986) and in which no other gene could be detected. In oviduct
chromatin, in which the gene is fully induced by steroid hormones, seven hyper-
sensitive sites are clustered in the flanking DNA region from —8 kb to +8 kb
with respect to the promoter of the gene. The cluster is framed on both sides by
chromatin regions free of hypersensitive sites for at least 15 kb of DNA. No hy-
persensitive site could be detected within the transcriptional unit. All seven sites
are located in a domain of general DNase sensitivity spanning approximately
24 kb from around — 13 kb to +11 kb (Jantzen et al. 1986; Stritling et al. 1986).
Since the extension of the cluster of hypersensitive sites was found to be the same
also in other chicken cell types (Fritton et al. 1986), we conclude that it comprises
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Fig. 1. The chromatin domain of the lysozyme gene in laying hen oviduct. The diagram shows

the chicken lysozyme gene with its four exons (filled bars) and three introns (open bars). Vertical

arrows indicate the positions of DNase I hypersensitive sites. Open boxes show locations of

middle repetitive DNA elements (MRE). The extension of the 24 kb region of general DNase

I sensitivity (Jantzen et al. 1986) is indicated by a horizontal open bar. E = enhancer; R = lo-

cation of a putative repressing function; S = steroid-dependent chromatin site; P = promoter;
A = poly(A) point

the complete chromatin domain of the chicken lysozyme gene, possibly the struc-
tural correlate of a chromatin loop as suggested in the radial loop model of chro-
mosome organization (Paulson and Laemmli 1977; Igo-Kemenes et al. 1982).

Similar results emerged in a comparable extensive mapping of hypersensitive
sites done for the human « 1(I) collagen gene (Barsh et al. 1984). In this case, the
cluster of hypersensitive sites spans approximately 65 kb, indicating a more ex-
tended chromatin domain. It is conceivable that most eukaryotic genes or groups
of related genes are organized in such a domain-like structure.

3 Alternative Chromatin Structures Characterize
the Various Transcriptional States of a Gene

The domain organization of eukaryotic chromatin implies that neighbouring
domains are regulated relatively independent of each other and that all cis-acting
components involved in the control of a gene are located within the limits of its
domain. We therefore tested the pattern of DNase I hypersensitive sites of the en-
tire domain in different cell types in which the lysozyme gene is either hormone
responsive as in oviduct cells, nonresponsive as in macrophages or inactive as in
liver cells.

Table 1 summarizes mapping data of DNase I hypersensitive sites for the
chromatin of five different states of activity of the gene (Fritton et al. 1984, 1986).
Differences in chromatin structure can be clearly seen, indicating that these sites
may contribute to the way the gene is transcriptionally expressed. The following
features are noteworthy:

1. The hypersensitive site at the promoter, HS-0.1, is only present in cells
which either express or have the potential to express the lysozyme gene.
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2. The site at —1.9 kb, HS-1.9, is present only in steroid-induced oviduct
cells.

3. In liver cells, as in other nonexpressing cells, only a subset can be detected
of the hypersensitive sites present in oviduct cells. The hypersensitive sites HS-0.1,
HS-1.9 and HS-6.1 are closed. This difference in chromatin structure is most
likely responsible for the inability of the gene to be activated by steroids. The
chromatin structure looks underdeveloped.

4. The most informative result is that marked differences exist in the struc-
tural organization of chromatin between nuclei from the two lysozyme-producing
cell types. In macrophages HS-1.9 and HS-2.4 are absent and two other sites, HS-
0.7 and HS-2.7, can be mapped.

5. The presence of HS-2.4 in all nonproducing cells, except in terminally dif-
ferentiated erythrocytes, indicates that it might contain a suppressive function.
Such a function would be required also in oviduct cells in which transcription is
reversibly changed, depending on the hormonal state, but would be unnecessary
in constitutively expressing mature macrophages.

6. At —6.1 kb, far away from the promoter, HS-6.1 is the only hypersensitive
site which is strictly correlated to the state of the promoter. The open state of this
site is as characteristic for the active chromatin as is the open state of the pro-
moter.

These findings show that different modes of transcriptional regulation of an
eukaryotic gene correlate with a different chromatin organization and support
the notion that the hypersensitive structures themselves may determine the func-
tional state of a gene. Such a thorough cataloguing of the hypersensitive sites and
their correlation with the transcriptional activity of the gene makes it possible to
venture an educated guess as to their function (Reudelhuber 1984).

4 DNase Hypersensitive Sites Mark the Position
of Cis-Acting DNA Elements

DNase hypersensitive sites in chromatin are believed to be short nucleosome-
free regions which mark positions where nonhistone proteins have access to spe-
cific DNA sequences (McGhee et al. 1981; Emerson and Felsenfeld 1984). We as-
sume that the recognition of specific signal sequences by DNA-binding proteins
must be at the basis of regulatory protein-DNA complexes in chromatin. In a first
approach to strengthen this hypothesis, we attempted to show in a functional as-
say system the cis-regulatory potential of DNA sequences contained in the re-
gions of DNase hypersensitive chromatin. Transient gene transfer has proven to
be an important means to test the regulatory function of DNA sequences in vivo.
With this method, the first cellular enhancer sequences were detected in the im-
munoglobulin gene regions (Gillies et al. 1983; Banerji et al. 1983; Queen and Bal-
timore 1983).

Figure 2 shows an outline of plasmids which were constructed to test the func-
tion of the DNA sequence in the —6.1 kb region of the lysozyme gene. In a vector
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Fig.2. The constructed plasmids to show transcriptional enhancer activity of the lysozyme
—6.1 kb region. The basic vector (pA10CAT2) contained the early promoter of SV40 fused to
the bacterial chloramphenicol transacetylase (CAT) gene (Laimins et al. 1983). Into its BglII site
a 562 bp DNA fragment from base pair —6331 (B2 = BamH1 No.2; cf. Fig.4) to base pair
—5772(Sau 3A) of lysozyme 5'-flanking DNA was introduced in both orientations (pLE1CAT,
pLE2CAT). For a positive control, an Haelll fragment containing the BK virus enhancer
(pBKVCAT) and a PvulI-Sphl fragment reconstituting the full SV40 enhancer-early promoter
region (pSV2CAT) were introduced into the BgllI site. For a negative control, an unrelated
1030 bp fragment, starting at BamH1 site No.4 (B4 at +5.7 kb) of the 3'-flanking region of the
lysozyme gene (pB4B5CAT) was introduced into the Bglll site of the vector. Open arrows indi-
cate the binding sites for the TGGCA protein on the lysozyme enhancer (Borgmeyer et al. 1984).
72 = 72 bp repeat; 21,22 = 21,22 bp repeat; TATA = TATA box of the SV40 enhancer-early
promoter region; 68,50 = 68,50 bp repeats of the BK virus enhancer

containing the bacterial chloramphenicol-acetyl-transferase (CAT) gene fused to
the early promoter of SV40 (pA10CAT2; Laimins et al. 1983), a 562 bp BamHI-
Sau3A fragment from approximately —6.35 to —5.80 kb of lysozyme 5'-flanking
DNA was put in place of the SV40 72 bp repeat enhancer. DNA of these con-
structs and of control plasmids (Fig. 2) containing viral enhancers, unrelated cel-
lular DNA or no foreign DNA were introduced into the macrophage-like cells of
the chicken myelomonocytic cell line HBC-1 (Beug et al. 1979). Transient ex-
pression of the CAT gene constructs was tested 48 h after DNA transfer.

The results presented in Fig.3 and SI mapping data not presented show that
the —6.1 kb DNA region of the lysozyme gene is able to activate CAT expression
from the SV40 early promoter in an orientation-independent fashion similar to
but not as potent as the viral enhancer elements of SV40 and BKV. The lysozyme
—6.1 kb DNA element also activates transcription from the homologous lyso-
zyme promoter (Theisen et al. 1986). Again this cis activation is orientation-inde-
pendent and could be shown to be relatively distance-independent. The lysozyme
promoter alone is transcriptionally inactive even if 1200 bp of 5'-flanking pro-
moter proximal DNA is used. The cis activation in HBC-1 cells, which are lyso-
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Fig. 3. Transient chloramphenicol transacetylase (CAT) activity of HBC1 cells transfected with

plasmids shown in Fig.2. MC29-transformed, macrophage-like monocytes (HBC1; Beug et al.

1979) were transfected as described by Theisen et al. (1986) with (lane 2) pA10CAT2, (3)

PSV2CAT, (4) pLE1CAT, (5) pLE2CAT, (6) pB4B5CAT and (7) pBKVCAT. CAT activity was

measured 48 h after transfection (Theisen et al. 1986). The autoradiogram shows the radioactive

reaction components after thin layer chromatography. From bottom to top: lane 1, chloramphe-
nicol; lane 8, two different monoacetylated and one diacetylated chloramphenicol

zyme-producing transformed macrophage precursor cells, is not seen, however,
in chicken embryo fibroblasts (Theisen et al. 1986). Since the cell-specific action
of the transfected —6.1 kb element extends also to peripheral blood-derived pri-
mary macrophages, on the one hand, and primary chicken fibroblast cells, on the
other hand (Theisen, unpublished results), it nicely reflects the physiological cell-
specific activity of the endogenous lysozyme gene. Recently, we were able to show
that this cis activation also works when the — 6.1 kb element close to the lysozyme
promoter is stably integrated into the genome of the macrophage-like cells (Stief
1985; Stief, unpublished results).

With these features, the lysozyme —6.1 kb DNA element contains all the
characteristics of a cellular transcriptional enhancer element. We therefore call
this element the “lysozyme enhancer.” The modular action of the lysozyme en-
hancer in gene transfer experiments (it acts in the absence of all the other possible
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elements in the lysozyme flanking region) plus the fact that the open chromatin
state in the —6.1 kb lysozyme region is strictly correlated to the active state of
the promoter (Sippel et al. 1986), makes us confident that this far upstream ele-
ment is the physiological activator of lysozyme gene transcription in vivo. With
this finding, the chicken lysozyme gene is added to the few examples of eukaryotic
genes for which transcriptional enhancer elements were found. It is possible that
one or several of these cell-specific transcriptional regulators will be found in all
chromatin domains if the search for them is extended to promoter distal DNA
sequences.

S Eukaryotic Regulatory DNA Elements can Interact
with More than One Protein Factor

A considerable mechanistic problem has been posed by the finding that some
of the transcriptional regulatory elements in eukaryotes act relatively indepen-
dent of their distance to the start site for transcription (for a recent review, see
Nasmyth 1986). How do long-distance-acting elements function? Since the dis-
covery of transcriptional enhancer elements 4 years ago, the problem remained
unsolved. Two general mechanisms must be considered.

1. A direct interaction of nonhistone protein-DNA complexes via strong pro-
tein-protein contacts could bring distant DNA elements in close spatial position.
Such a “DNA loop-out model” would very well explain the striking distance in-
dependency of action. ‘

2. Alternatively, promoter distal elements could be sites of a (enzymatic)
function which progressively alters chromatin structure in such a way that the
promoter is made available for transcription initiation.

In order to approach this question, we have started to analyze the molecular
structure of the lysozyme enhancer as an example of a long-distance-acting regu-
latory switch in cellular chromatin. Originally looking for individual, sequence-
specific, DNA-binding proteins in nuclear protein extracts (Nowock and Sippel
1982; Borgmeyer et al. 1984), we recently attempted to reconstitute in vitro the
lysozyme enhancer protein complex from crude nuclear extracts by incubation
with isolated DNA fragments from the —6.1 region of the gene. DNA-binding
proteins were detected by one of the most sensitive assay systems for sequence-
specific protein-DNA interaction, the exonuclease III assay (Shalloway et al.
1980). When asymmetrically 5'-labelled linear double-stranded, enhancer-con-
taining DNA fragments were digested with E. coli exonuclease III after incuba-
tion with crude protein extracts from isolated nuclei of oviduct cells, macrophage-
like HBC-1 cells or liver cells, identical complex patterns of electrophoretically vi-
sualized “stop-bands” indicated that more than one sequence-specific, DNA-
binding protein reassociates with this DNA in each case (Piischel 1986; Piischel,
Borgmeyer and Sippel, in preparation). Imprints of individual DNA-binding pro-
teins or groups of interacting DNA-binding proteins could be identified by addi-
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tion of various competitor DNA sequences to the exonuclease III assay system.
Figure 4 shows schematically the result of our structural analysis of the in vitro
reconstituted enhancer DNA-protein complex (Piischel 1986; Piischel, Borg-
meyer and Sippel, in preparation). The following features should be pointed
out:

1. The borders of the reconstituted protein-DNA complex are roughly iden-
tical with the functional minimal enhancer DNA fragment active in transient
transfection experiments with the macrophage cell line (Theisen, unpublished re-
sult).

2. The enhancer protein complex shows a tripartite structure. Each domain
consists of more than one protein component. Exonuclease III-DNA competition
assays show protein-protein interaction to occur between components of the two
flanking domains.

3. The lysozyme enhancer-binding protein with the highest affinity to double-
stranded DNA has two DNA recognition sequences within the — 6.1 kb region,
their centers being 92 bp apart (Borgmeyer et al. 1984; Sippel et al. 1986). This
protein functions as an anchor protein for other factors with less affinity for their
adjacent DNA recognition sequences.

The anchor protein for the lysozyme enhancer protein complex is identical
with our previously discovered “TGGCA protein” (Nowock and Sippel 1982;
Borgmeyer et al. 1984), the chicken homologue to HeLa cell “nuclear factor I’
(NFI) (Nowock et al. 1985; Leegwater et al. 1986). NFI is a member of a family
of ubiquitous nuclear DNA-binding proteins involved in the initiation reaction
of adenovirus replication (Nagata et al. 1983).

-6100 -6086  -6008 5994 -5964 -5953
CTGGCAAGCTGTCAA CTGGCACTATGCCAC TTTGGA AATGAC

, T ETE s

T Y/ T L L
-6331 -6150 -6100 -6050 -6000 -5950 -5900 -5772

-6110 -6048 -601
| |

Fig. 4. The in vitro reconstituted lysozyme enhancer: nonhistone protein complex. At the zop the
positions are shown of the palindromic TGGCA protein recognition sites (BS1a, BS1b; Borg-
meyer et al. 1984) plus the sequence resembling the “deca/octamere motif” (Falkner and Zachau
1984; Singh et al. 1986). Numbers indicate base pairs with respect to the cap site of the lysozyme
gene; B2 = BamH1 site No.2 at —6331 bp. The bottom part shows the approximate positions
of oviduct, macrophage and liver nuclear protein components 4 to H, T, and T, mapped by exo-
nuclease III DNA competition assays (Piischel 1986). T, T, = TGGCA protein; arrow indicates
protein-protein interaction
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4. The most promoter proximal protein component in the complex
covers a DNA sequence motif which was also found in other DNA elements
known to cis-regulate RNA polymerase II promoters (Mattaj et al. 1985; Singh
et al. 1986). The respective sequence motif for this second DNA-binding protein
is very similar to the highly conserved decanucleotide sequence 5'-
ATGCAAATNA-3" which was first discovered to be present in the enhancer plus
the promoter region of mouse and human immunoglobulin heavy chain and
kappa light chain genes (Falkner and Zachau 1984).

In conclusion, considering the in vitro reconstitution data, we found that the
lysozyme enhancer complex is most likely a multifactorial nonhistone protein-
DNA structure. This finding is in accordance with the general picture arising
from the structural and functional analysis of other viral and cellular regulatory
elements (Serfling et al. 1985). Currently, however, we are unable to pinpoint
those components of the enhancer structure which determine its cell specificity of
action in vivo.

Whether all nonhistone protein-DNA complexes, indicated by DNase hyper-
sensitive sites in chromatin, are multifactorial structures has to be shown. How-
ever, the multiple DNA-binding sites for steroid receptors at the promoter region
of the lysozyme gene (Renkawitz et al. 1984; von der Ahe et al. 1985) already in-
dicate that also the complex at 0.1 kb is a multifactorial element.

6 The Active Chromatin Structure of a Gene Develops
in Successive Steps During Cell Differentiation

For the full understanding of the role of regulatory nonhistone protein-DNA
complexes in eukaryotic chromatin it will be ultimately necessary to understand
when they originate during development. To study this question, it is necessary
to select a system in which enough homogeneous cells of different developmental
stages can be obtained to analyze chromatin structure in specific gene regions.
Only very few systems are suitable for this purpose. One of them is the hemato-
poietic system of vertebrates.

In hematopoietic cells, lysozyme is expressed only in late myeloid cell stages.
The lysozyme gene can be considered a marker gene for the myeloid branch, like
the globin genes for the erythroid branch or the immunoglobulin genes for the
lymphoid branch. Graf and Beug (Beug et al. 1979) could show that certain acute
retroviruses transform hematopoietic bone marrow cells into leukemic cells with
phenotypes close to natural precursors of the mature blood cells. Instead of the
natural precursors, which are more difficult to obtain in the necessary quantities,
we have used several well-characterized transformed cell types of this kind to look
for the structure of the 5'-flanking chromatin in the lysozyme gene region. Again,
the pattern of DNase I hypersensitive sites was taken as an indicator for func-
tional aspects.

Table 2 summarizes our mapping data in the chromatin of transformed cells,
which resemble early and late myeloid and erythroid stages of cell differentiation
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Table 2. State of chromatin at the enhancer, the promoter and the “intermediate region” of the
lysozyme gene in various hematopoietic cells®

Chicken cell Lysozyme DNase I hypersensitive site at (position in kb)°¢
mRNA®
En- Intermediateregion Promoter
hancer
—6.1 —-2.7 —24 —0.7 -0.1
E26-transformed myeloblast +/— + — + + 4
MC29-transformed macrophage- + + + + + +
like monocyte
Nature blood-derived ++ + + — + +
macrophage
AEV-transformed erythroblast — — - — + — -

Mature erythrocyte - - — - - —

® Strech-Jurk et al. (1986), Strech-Jurk U, Beug H, Theisen M, Graf T, Sippel AE, in
preparation.

b Relative cellular steady-state level of lysozyme-specific transcripts.

¢ + Denotes “open” chromatin structure; — denotes closed chromatin structure, DNase I
hypersensitive site not present.

(Strech-Jurk et al. 1986; Strech-Jurk, Beug, Theisen, Graf and Sippel, in prepara-
tion). The results confirm that the final structure of macrophage-specific consti-
tutive expressing chromatin is the result of two successive steps which alter chro-
matin structure during cell differentiation.

1. Already in early myeloid stages, the enhancer (— 6.1 kb) and the promoter
(—0.7 kb, —0.1 kb) are in the same open configuration as in mature macro-
phages. Unfortunately, it is currently impossible to map the chromatin structure
in bone marrow stem cells as they comprise roughly only 1 in 10,000 bone marrow
cells. However, since early stages of erythroid cells (AEV-transformed erythro-
blasts) do not show open enhancer and promoter chromatin, we conclude that the
formation of these DNase I sensitive nonhistone protein-DNA complexes must
be an early event in myeloid determination.

2. The final, full transcriptional activation of the lysozyme gene in macro-
phages is accompanied by a rearrangement of the chromatin structure at an in-
termediate position between enhancer and promoter. As discussed earlier, the
presence of a hypersensitive site at —2.4 kb in all inactive cell types may mean
that it contains a suppressive regulatory element. The observed chromatin struc-
tural change in late macrophage differentiation would then be consistent with the
idea that a suppressive chromatin conformation is replaced by the macrophage-
specific active conformation, indicated by a hypersensitive site at —2.7 kb, which
then allows constitutive expression of the gene. MC29-transformed macrophage-
like monocytes in culture show at the “intermediate region” a resemblance to a
transitional state between the early and late myeloid states of chromatin.

What is seen here can be considered a structural correlative for cell differenti-
ation at the level of nuclear chromatin. We must await further research to see
whether the two-step process of gene activation, as it could be shown for the ly-
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sozyme gene during macrophage development, is of more general importance for
the activation of other genes. A cell-lineage-specific, but cell-stage-independent
function, as it is expected for the lysozyme enhancer in myeloid cells, was found
for the immunoglobulin heavy chain gene (IgM) enhancer in lymphoid cells
(Grosschedl and Baltimore 1985; Gerster et al. 1986). Our results are consistent
with the assumption that a developmental program of formation and decompo-
sition of individual regulatory elements in a chromatin domain prepares each
gene or groups of genes for their final state of expression. The developmental his-
tory of each gene can thus be obtained by looking at the molecular structure of
its regulatory switches.

7 Conclusions and Future Directions

In our work over the past years, we have deepened our understanding of the
gene for chicken lysozyme with the aim of drawing general conclusions for the
functioning of other eukaryotic genes. Thus, the lysozyme gene can be considered
a small window to the structure and function of a large part of the genome, the
euchromatin.

From the results obtained, we conclude that the tissue- and stage-specific ac-
tivation of eukaryotic genes involves more than the highly specific function of
transcriptional promoter regions. Qur chromatin structural studies imply that an
entire chromatin domain with extensive flanking sequences on both sides of the
transcription units contain a number of loosely spaced cis acting DNA elements
which are involved in the various aspects of regulation of the respective gene. Al-
though we have concentrated on the function and molecular structure of one far
distant enhancer element upstream from the promoter, it became increasingly evi-
dent that the full cell- and stage-specific regulation of the lysozyme gene can only
be explained by the combined action of all the protein-DNA complexes indicated
as DNase hypersensitive sites in the chromatin domain.

It remains to be elucidated how alternative subsets of elements interact to lock
the gene either in the steroid-regulated active mode, the constitutive active, mac-
rophage-specific mode or the repressed mode, as seen for example in liver cells.

A system in which the respective elements could act together independently
of their distance, their orientation and their strict linear sequence to each other
would be of considerable evolutionary advantage over a system in which the spa-
tial relation to each other would be rigid. A “DNA loop-out” structure, in which
functional interaction of distant elements are due to direct protein-protein inter-
actions between multiple nonhistone protein-DNA complexes would give a new
perspective to the spatial organization of eukaryotic genes. Nonhistone protein-
DNA complexes could create a transcriptional complex involving parts of or all
of the known functional elements, thereby preparing the correct target structure
for RNA polymerase and/or some additional factors. In such a globular DNA
loop-out model of gene structure the organization of regulatory elements could
be considered somewhat like an extension of the exon-intron organization of the
transcriptional unit.
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We are intrigued by the complexity underlying the regulation of a single gene.
The regulatory complexity of a chromatin domain comes close to the regulatory
complexity encountered in viral genomes. Multiple controlling elements, each one
alone possibly a composite structure consisting of multiple (protein) factors, are
found at the molecular basis of gene regulation on the level of the genome. Com-
parable work on other genes and their controlling elements will show whether the
spatiotemporal regulation of all genes during cell differentiation can be explained
by a low number of components which work together in a combinatorial fashion.
In this respect, future work on the characterization of the components of the mo-
lecular switches in eukaryotic chromatin will be most fruitful. Cloning of the
genes for these proteins will bring the next step of experimental sophistication.
Ultimately, a molecular understanding of a set of regulatory modules will enable
us to construct vector systems for reinsertion of individual genes in cells and or-
ganisms in such a way that they can be predictably controlled in a cell- and stage-
specific manner.
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