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Foreword

The Biological Sciences are in the midst of a scientific rev-
olution. During the past decade under the rubric of molecu-
lar biology, chemistry and physics have assumed an integral
role in biological research. This is especially true in ge-
netics, where the cloning of genes and the manipulation of
genomic DNA have become in many organisms routine laboratory
procedures. These noteworthy advances, it must be empha-
sized, especially in molecular genetics, are not autonomous.
Rather, they have been accomplished with those organisms
whose formal genetics has been documented in great detail.
For the beginning student or the established investigator who
is interested in pursuing eukaryote molecular genetic re-
search, Drosophila melanogaster, with its rich body of formal
genetic information is one organism of choice. The book
"Drosophila Genetics. A Practical Course" is an indispens-
able source of information for the beginner in the biology
and formal genetics of Drosophila melanogaster. The scope of
this guide, a revision and enlargement of the original German
language version, is broad and instructive. The information
included ranges from the simple, but necessary, details on
how to culture and manipulate Drosophila flies to a series of
more sophisticated genetic experiments. After completing the
experiments detailed in the text, all students - neophyte or
experienced - will be richly rewarded by having acquired a
broad base of classical genetics information relevant for the
biologist in its own right and prerequisite to Drosophila
genetics research - formal and/or molecular.

Davis, California, Melvin M. Green
February 1991



Preface

The fruit fly Drosophila melanogaster is ideally suited to
the practical demonstration of the basic phenomena of gene-
tics. A large number of easily recognizable genetic markers,
a generation time of only 10 days and simple culture methods
make the fruit fly the eukaryote of choice for many geneti-
cists. In this book we have compiled a number of experiments
which illustrate various fields of genetics, ranging from
simple Mendelian crosses to cytogenetic analyses and the in-
duction of mutations in DNA repair defective mutants. We
have deliberately limited the experiments to those which can
be carried out without expensive equipment and have tried to
describe the procedures in enough detail that teachers and
students with little previous experience in Drosophila tech-
niques can complete them successfully. Although primarily
intended for university use, many of the experiments are sim-
ple enough to be used in a high school biology course. All
have been tested in the class room. A Results and Answers
section is included with the intention of illustrating the
types of results obtained in real class situations and guid-
ing students through scientific reasoning. In addition to
references directly cited or furnishing detail or background
information, we have referred to historic seminal papers in
the hope that students will try to read at least some of the
original work to develop a feeling for the history of gene-
tics. Although based on the original German publication
"Drosophila-Genetik; Praktikum der Genetik, Band 2" by F.E.
Wirgler and U. Graf, this book has been extensively modi-
fied. A section on the Molecular Biology of Drosophila has
been added not to provide detailed experimental protocols but
rather to give the student an overview for what is possible
and to provide references to appropriate publications where
techniques are given.

We are convinced that the technically simple Drosophila ex-
periments described here ought to occupy a prime position in
the teaching of genetics for beginners, and we hope that they
will facilitate the experimental approach to the fascinating
field of Drosophila genetics for both learners and teachers.



Vil

We wish to express our sincere thanks to Ruth Riimmele for her
expert typing and to our colleagues in the Genetics Group of
the Institute of Toxicology of the Swiss Federal Institute of
Technology and University of Zurich, Schwerzenbach, and in
the Department of Genetics of the University of the Witwa-
tersrand, Johannesburg, for helpful discussions and sugges-
tions, although we must of course assume full responsibility
for any errors or omissions.

Schwerzenbach, Switzerland, Ulrich Graf
April 1991 Nancy van Schaik
Friedrich E. Wiirgler



Table of Contents

GENERAL
1.1 Why Drosophila? ......ce0000 Ce e e eeeer e sen e
1.2 Basic Equipment ...... Ce et e s eseenesenne ceeeraeee
1.3 Genetic Terminology ...... C et e s es e aseeenaee e
1.4 The Biology of Drosophila melanogaster .........
1.5 Methods for Culturing and Studying
Drosophila melanogaster ........ccicceevenccenns
.6 List of Genetic Symbols and Stocklist ..........
1.7 General Books on Drosophila .......ciceeeveenes .o

MORPHOLOGY OF DROSOPHILA MELANOGASTER

DN NN
g W N

Eggs and EMDIYOS ..seieeeccscccoosasons ceece e
L3 Larvae ...ccecececcns Ceeeteenenen ceteeresenene
Pupae ...ccccceen t e e s eses e e e s e s s e e s es e
Adult Flies ......... e ee ettt e eann
Some Mutants ......... O T T T T T T S SN

TRANSMISSION GENETICS

3.1 Dihybrid Cross with Independent Assortment .....
3.2 Sex-Linked Inheritance ......cecveevevescvecnnns
3.3 Dihybrid Test Cross with Linked Genes ..........
3.4 Sex Determination ........cc0i00000nenn cereseaens
3.5 Genetic Localization of Mutations Within the
Genome  ......c00000 ceeenenne Ceeetece e een e
3.6 Mapping on a ChIOMOSOME .« .eetevvesenossoccnnsssne
3.7 Segregation of Compound Chromosomes ............
3.8 Meiotic Mutants ....... Cesessseseenesen ceseeesen
PHENOGENETICS
4.1 Temperature Effect on Expression of Phenotype
4.2 Temperature Effect on a Homeotic Mutant .......
4.3 Mutants with Abnormal Eye Color .....coveeesecs
4.4 Chromatographic Analysis of Eye Color Mutants
4.5 Transplantation of Eye Imaginal Discs .........
4.6 Supplementation of an Eye Color Mutant ........
4.7 Genetic Complementation and Allelism ....... ee
4.8 Transposable Elements ........ c e e et s e s e s

35
42
46

51

57
66
68
71

80
85
91
96

105
111
114
117
123
127
129
132



10.

MUTATION GENETICS
5.1 Induction and Detection of Sex-Linked Recessive

Lethals

LR RTINS

5.2 Induction and Detection of Reciprocal

Translocations

.

D R A A I R NI S

5.3 Mutagen-Induced Sex Chromosome LOSSE€S .....cc.o
5.4 Somatic Mutation and Mitotic Recombination ....

POPULATION GENETICS
6.1 Determination of Allele Frequencies in

Populations in Hardy-Weinberg Equilibrium .....

6.2 Variations in Populations with Natural and

Artificial Selection

6.3 Mating Behavior

6.4 Mating Preferences

s e s e e oo

CYTOLOGY AND CYTOGENETICS

7.1 Microscopic Analysis of Mitotic
Chromosomes

DRI

7.2 Balancer Chromosomes ..

ee e e oo s

e e e 00

P A N A AN S A

MOLECULAR BIOLOGY OF DROSOPHILA: AN OVERVIEW ......

RESULTS AND ANSWERS

SUBJECT INDEX

s e e s e e e e s

137

143

148
154

165

169

173
174

179
185

191

205

235



1. General



1.1 Why Drosophila?

Drosophila melanogaster, the fruit fly or vinegar fly, was
one of the first animals to be intensively studied genetical-
ly. In the laboratory of T.H. Morgan in the United States
soon after the rediscovery of Mendel's work, it was recog-
nized as an ideal experimental animal for genetic studies
because of its small (but not too small) size, ease of cul-
ture, short generation time, large progeny size, low chromo-
some number, and giant salivary chromosomes. Morgan and his
students used Drosophila to elucidate the mechanisms of Men-
delian inheritance and to construct the first linkage maps.

Cytogeneticists have found Drosophila a useful organism for
the study of chromosome morphology and karyotype evolution,
and population geneticists make use of quantitatively inher-
ited characteristics for selection experiments and evolution-
ary studies. Complex traits such as circadian rhythm and
behavior can also be studied. As genetics moved from being a
descriptive science into a biochemical one and more lately a
molecular one, Drosophila proved useful for all types of
analysis. It remains a favorite experimental animal for mu-
tation study and genetic toxicology. It is one of the first
eukaryotic organisms on which genetic engineering can be car-
ried out relatively easily and in which the molecular basis
of development can be studied.

As an organism for teaching genetics, it has the advantage
that its life cycle fits conveniently into weekly laboratory
schedules. The techniques required for simple experiments
can be mastered by students with little scientific back-
ground, and most importantly, the fruit fly is still one of
the cheapest and least demanding of all laboratory organisms.

1.2 Basic Equipment

Each student will need the following:

Stereo dissecting microscope capable of magnifications up to

25x. Zoom type continuous magnification change is convenient



but not necessary. A strong and easily adjustable light
source is important. If available, a heat filter for the
lamp will help to avoid dehydrating live flies during exami-
nation.

Compound microscope with magnification up to at least 100x
and an oil immersion objective (for the examination of sali-
vary gland preparations).

An hetizer. This is basically a small bottle with some way
of administering ether (for details see section 1.5).

Morqgue for the discarding of flies no longer needed. A beak-
er or can filled with 0il (used motor o0il works very well) or
alcohol (70%) is convenient.

T in . A solid rubber, foam rubber or felt pad (about
6 x 10 cm, 1 cm thick) for tapping flies from one container
into another helps prevent breakage and cuts down on noise.
White tile. Flies can be moved around easily during examina-
tion or sorting on a slick white surface. Ordinary white
bathroom tiles work very well, or a thick glass plate backed
with white paper can be used.

Brush to move flies without damaging them. A fine camel's
hair brush is best but a cheap number 1 or 2 watercolor brush
can be used for student work.

Forceps for the preparation of larvae and handling individual
flies. These should have fine pointed tips.

Storage. It is convenient for each student to have a box or
drawer in which his own small items of equipment can be kept.

1.3 Genetic Terminology

Allele. One of a series of possible alternative forms of a
given gene unique in DNA sequence and affecting the function-
ing of a single product (RNA and/or protein). If more than
two mutant alleles have been identified in a species, the
locus is said to show "multiple allelism".
Autosome. A chromosome other than a sex chromosome.

hrom me mutation hrom mal erration). A change af-
fecting more than one gene such as the loss, duplication, or
rearrangement of chromosome material containing genetic in-
formation.



Diploid condition. The chromosome state, in which each type
of chromosome (except the sex chromosomes) is represented
twice in somatic cells (2N).

Dominant/recessive. In diploid organisms an allele which is
phenotypically expressed in either the homozygous or hetero-
zygous state is said to be dominant. An allele which is ex-
pressed only when homozygous is said to be recessive.

E,.
mental crossing. The parents of the F1 are referred to as
P.

E,.

Gene. A gene is an hereditary unit, in the classical sense,

First filial generation; the offspring from an experi-

The progeny produced by intercrossing F1 individuals.

and usually occupies a specific position (locus) on a specif-
ic chromosome within the genome; operationally it is a unit
that has one or more specific effects on the phenotype of the
organism; a gene can mutate to various allelic forms and re-
combines with other such units; at the molecular level a spe-
cific sequence of nucleotides in a DNA molecule.
Genome mutation. A change in the number of complete chromo-
somes, giving rise to heteroploid cells or individuals with a
chromosome number different from the normal for the species.
Such a change may involve entire chromosome sets (euploidy)
or one or more individual chromosomes (aneuploidy).
Genotype. The genetic constitution of a cell or of an organ-
ism, as distinguished from its physical appearance (pheno-
type).
Haploid number. The gametic chromosome number, symbolized by
N.
Hemizygous. Having a gene present in a single dose. May
refer to a gene in a haploid organism, or to a sex-linked
gene in the heterogametic sex, or to a gene in the appropri-
ate chromosomal segment of a deficiency heterozygote.
H r meti . The sex that produces gametes nonidenti-
cal for sex chromosomes (e.g. males of Drosophila and of mam-
mals produce X- and Y-bearing sperm, usually in equal propor-
tions).
Heterozygous. Having different alleles at the corresponding
loci of homologous chromosomes.

m meti x. The sex that normally produces gametes all
of which carry only one kind of sex chromosome, e.g. the eggs



of female mammals and female Drosophila all carry an X chro-
mosome.

Homologous chromosomes. Chromosomes that pair during meiosis
and usually carry the same set of genes. Each homolog is a
duplicate of one of the chromosomes contributed at syngamy by
the mother or the father. Homologous chromosomes contain the
same linear sequence of genes and as a consequence in a dip-
loid organism each gene is present in duplicate.

Homozygous. Having identical rather than different alleles
at the corresponding loci of homologous chromosomes and,
therefore, breeding true.

Interchromosomal aberrations are those such as translocations
in which pieces from more than one chromosome are involved.
Intrachromosomal aberrations involve changes within one chro-
mosome. In addition to inversions, these include deficien-
cies and duplications which result in a change in the amount
of genetic material in the chromosome.

Inversions and shifts involve changes in the arrangement of
genetic material, but not in its amount. In the case of an
inversion a chromosomal segment has been excised, turned
around 180°, and reinserted at the same position on a chromo-
some, with the result that the gene sequence for the segment
is reversed with respect to that of the rest of the chromo-
some. In the case of shift, a chromosomal segment has been
removed from its normal position and inserted (in the normal
or reversed sequence) into another region of the same chromo-
some.

Lethal mutation. A mutation which results in the premature
death of the cell or organism carrying it. Dominant lethals
kill heterozygotes, whereas recessive lethals kill only homo-
zygotes.

Locus. (plural: loci) The position that a gene occupies on
a chromosome.

Mutation. (1) The process by which a gene undergoes a chemi-
cal or structural change; (2) a modified gene resulting from
mutation; (3) by extension, an individual manifesting the
mutation.

Phenotype. The observable properties of an organism, pro-
duced by the genotype in conjunction with the environment.

Point ene) mutation. Originally, a mutation affecting only



one gene (cf. chromosome mutation). As defined in molecular
genetics, a mutation caused by the substitution of one nu-
cleotide for another (base pair substitution).

Polyploid. An individual or cell having more than two sets
of chromosomes.

Reciprocal crosses. Crosses of the forms A 2 x B & and

B ? x Ad.

Sex chromosomes. The chromosomes that are dissimilar in the
heterogametic sex. In Drosophila called X and Y.
Sex-linked. Refers to genes located on the X chromosome.
Test cross. A cross between a heterozygote or individual of
unknown genotype to an individual homozygous for the reces-
sive alleles of all genes involved. Useful for determining
genotypes, linkage relationships, etc.

/ (a slash) is used in genetic formulas to separate the sym-
bols of alleles present on two homologous chromosomes.

; (a semicolon) separates symbols of genes located on nonho-
mologous chromosomes (e.g. se+/se and y; st).

References

KING, R.C., STANSFIELD, W.D.: A Dictionary of Genetics. 3rd
ed. New York, Oxford: Oxford University Press 1985.
RIEGER, R., MICHAELIS, A., GREEN, M.M.: Glossary of Genetics
and Cytogenetics, Classical and Molecular. 4th ed.
Berlin, Heidelberg, New York: Springer 1976. (New

edition in preparation).

h se of bols for genes and allele

With the methods of classical genetics, the genetic determi-
nation of a trait can only be proven after a mutation in the
gene controlling this characteristic has been found. The
mutant allele is identified based on its expression as a dif-
ferent or "mutant" phenotype. Dominant alleles are immedi-
ately detectable, recessive ones only after they have become
homozygous (the hemizygous situation is an exception to this
rule).

Since the early days of Mendelian genetics it has been the
custom to name the gene after the phenotypic change observed
in the mutant. For example in Drosophila, a fly was found



with wings of reduced size. This phenotype was called
"vestigial”, and vg is used as the symbol. Symbols with the
first letter in upper case denote a dominant mutation, those
with a lower case first letter a recessive mutation. The
original allele present before the mutation occurred is said
to be "normal" or "wild type". The wild type allele is the
most common allele found in natural populations. For practi-
cal reasons the name used for the mutant phenotype is also
used to designate the mutant allele and the gene as such.

In Drosophila the following notations are used: The new al-
lele originating from a mutation is: vg. The wild type al-
lele is the same symbol with a plus superscript (vg+) often
abbreviated simply +. The name, in this case “vestigial®, is
also used for the gene of which we now have two alleles vg+
and vg. The "vestigial" gene controls the size of the wings.
Note that the symbolism system used in Drosophila is differ-
ent from that used for many other organisms in that the upper
and lower case of the same letter, e.g. B and b indicate dif-
ferent genes and not alleles. B is a dominant mutation (Bar
eye) and its wild type allele is B+, while b is a recessive
mutation (black body color) with normal body color b*.
Unfortunately it is not possible to restrict the designation
of alleles to a simple two-letter code. Often several al-
leles of a gene are known (multiple alleles). They need more
Lly A list of all the sym-
bols used by Drosophila geneticists (and a description of the

complicated symbols (e.g. mei-9

different phenotypes) is found in the book "Genetic Varia-
tions of Drosophila melanogaster” by Lindsley and Grell
(1968).

Another convention is used to describe the localization of a
given gene within the genome of Drosophila. To describe the
position of the vg gene the following notation is used:

vg (2-67.0). The first number within the parentheses desig-
nates the chromosome on which the gene is located (1 = X
chromosome; 2, 3, 4 = autosomes). The second number after
the dash describes the position of the gene on the chromo-
some. This number refers to map units determined in recombi-
nation experiments (see experiments 3.3 and 3.6). By conven-
tion, position 0.0 is on the end of the left (or short) arm
of the chromosome.



To perform an experimental cross with Drosophila, female and
male flies are placed together in a vial or bottle. Gene
symbols are used to label bottles with the crosses made. As
a rule the genotype of the female parent is written first,
followed by an x and then the genotype of the male. If the
genes involved in the cross are autosomal, the genetic formu-
las can be written without special symbols for the sex chro-
mosomes. If we wished to indicate that homozygous vestigial
winged females had been crossed to homozygous normal winged
males, we would write: vg/vg x vg+/vg+. In cases where
we are interested in several genes on a chromosome, the sym-
bols of the genes on one homolog are written together and
separated from those on the other homolog by two horizontal
lines, e.qg.: vg+ bw
vg bw

A general rule that is used in genetics is that only the al-
leles of interest are written although every fly is of course
carrying two alleles of each of thousands of genes. Any gene
not written is assumed to be homozygous for the wild type (+)
allele.

Genetic symbols are also used to write genotypes in order to
determine expected phenotypes and expected progeny from a
particular cross. The genotype of an individual fly is writ-
ten as if it consisted of only one cell, the zygote (or fer-
tilized egg) from which the adult individual developed. To
predict the results from a cross, the different kinds of ga-
metes that can be formed by each parent must be worked out
and then each egg genotype combined with each sperm genotype.
For simple crosses this can be done by inspection, but for
more complex crosses a genetic checkerboard diagram is used

(see chapter 3).

Let us look at the expected results from the cross of vesti-
gial winged females with wild type males:

n es:
? vg/vg: This female forms only one type of egqgg: vg.
d vg+/vg+: This male forms only one type of sperm: vg .
The only progeny genotype expected is: vg+/vg.
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Note that by convention in a heterozygote, the dominant al-

lele is usually written first.

What would you expect the phenotype of these flies to be?
Expected phenotype : ...ttt teitttiennnnn ceee

Note: Answers to questions are found in chapter 9. Play

fair and don't consult the answers until you have worked out

your own answers!

1.4 The Biology of Drosophila melanogaster

Drosophila melanogaster is an outstanding experimental organ-

ism for classroom experiments. A number of factors make Dro-
sophila a favorite "guinea pig" of geneticists and recently
also of developmental biologists and molecular biologists. A
general overview of its biology will help you to become more
familiar with this organism.

The life cycle: Drosophila melanogaster as a fly belongs to
the holometabolic insects which undergo a complete metamor-
phosis. The sequence and the approximate duration of the
different stages of the life cycle at its optimum growth tem-
perature, 25°C, are:

Embryonic development 1 day
First larval instar (L1l) 1 day
Second larval instar (L2) 1 day
Third larval instar (L3) 2 days
Prepupa 4 hours
Pupa 4.5 days
Adult stage (imago) 40-50 days

Males become sexually mature and fertile shortly after emer-
gence from the pupal case. Females mature less quickly: 6
to 12 hours depending on the strain. Once a female is sexu-
ally mature she will mate repeatedly with different males.
Sperm is stored by the female in the ventral receptacle and
used to fertilize eggs laid at later times. For this reason
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it is necessary to use virgin females in any cross in which
the males to be used are different from the ones in the cul-
ture bottle from which the females are taken. (See section
1.5 on the collection of virgin females).

Although the mean life span for adults at 25°C ranges from 40
to 50 days and individuals may live as long as 80 days, young
flies, not more than 10 days old, are normally used in
crosses since fertility decreases with age.

Under standard conditions (25°C and 60% relative humidity)
the whole development from egg to adult takes about 10 days.
At lower temperatures, the life cycle is lengthened: 14 days
at 23.5°C; 21 days at 18°C. It is convenient to keep stocks
not being used currently at 18°C so as to reduce the labor
involved in routine transfer of cultures. Development can be
speeded up by increasing temperature, but at around 29-30°C
pupal lethality increases drastically, and in most strains,
females become sterile at temperatures above 30°C.

Number of progeny: From a single pair of flies, kept for
several days in a culture vial, a progeny of several hundred
may be obtained. With Drosophila it is possible to obtain a
large progeny from a few parental flies within approximately
2 weeks. This is a prerequisite for experiments which need

statistical analyses.

Size: Adult flies as well as all the developmental stages
are fairly small. An adult fly is about 5 mm long and has a
weight of approximately 1 milligram. Thus, large popula-
tions of hundreds of individuals can be grown in relatively
small culture bottles. If cultures become overcrowded, the
size of individual flies may be markedly reduced.

Culture: The materials needed are fairly inexpensive (for
details see section 1.5). The preparation of the culture
medium for vials or bottles is very simple. Glassware can be

washed and reused.

Phenotypes: On adult flies, many genetically controlled
structures and colors are visible with the naked eye and many
other characteristics are easily detected under a low power
stereomicroscope by the inspection of anesthetized flies.



12

For classroom experiments, mutants with changes in body col-
or, eye color, wing size, shape of the eyes, etc. are easy to
see. In research, in addition to these morphological mar-
kers, biochemical differences (such as enzyme variants) and
behavioral characteristics (e.g. geotaxis, neurological
changes), etc. are also studied.

Genetic organization: For many experiments, it is of great
advantage that all the genetic material of the haploid set is
present in only four chromosomes. The haploid chromosome
number is x=4, and the somatic number (diploid) 2N=2x=8. The
number of chromosomes in the haploid set is identical with
the experimentally determined number of linkage groups (see
experiment 3.5). The small chromosome number makes it easy
to determine the linkage group of a newly discovered mutant.
The difference in sex chromosome constitution between the
homogametic females (XX) and the heterogametic males (XY) is
of special importance. In males, the X chromosome is present
only once and therefore genes on the X are present in a hemi-
zygous condition. One consequence of this is that mutations
of genes on the X chromosome (sex-linked genes) are phenotyp-
ically expressed in males irrespective of their dominance;
recessive as well as dominant mutations are expressed in
males. Therefore, by choosing sex-linked genetic markers,
one can often save time in experiments.

Giant chromosomes: In some tissues of the larvae, e.g. in
the salivary gland and the Malpighian tubules, polytenic
giant chromosomes are present. A microscopic study of these
special chromosomes is particularly easy if third instar lar-
vae are used.

Giant chromosomes in the salivary glands are formed by soma-
tic pairing of homologous chromosomes and a 9- to 10-fold du-
plication of the chromatids resulting in polytene chromosomes
each made up of about 1000 strands within the cell nucleus.
Since these chromosomes are in interphase, they are much more
extended in length than chromosomes examined during mitosis.
Compared to chromosomes of normal somatic cells, giant chro-
mosomes show a characteristic banding pattern. A detailed
knowledge of the banding pattern allows the identification of
small chromosomal regions, for example the precise position
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of break points of chromosome aberrations. Because only ho-
mologous regions of chromosomes pair, the giant chromosomes
of individuals heterozygous for chromosome aberrations show
characteristic pairing structures such as gaps, loops or
other pairing figures. In this way preparations of salivary
gland chromosomes also demonstrate the consequences of homol-
ogous pairing similar to that occurring in meiosis.

The exact analysis of chromosome aberrations (in particular
of deletions) in combination with the study of the Mendelian
segregation of gene mutations allows precise cytogenetic lo-
calization of genes within the banding pattern of a particu-
lar chromosome.

In recent years, giant chromosomes have also been used for
microsurgical experiments, e.g. individual bands have been
isolated and their DNA cloned!

Genetic control of meiosis: In Drosophila melanogaster, a
very special genetic control of meiosis is encountered. Dur-

ing oogenesis in females, crossing over occurs regularly dur-
ing meiosis. 1In contrast to this, in spermatogenesis in
males, there is no meiotic crossing over. This peculiarity
of Drosophila melanogaster is very useful, particularly in
the construction of new genetically marked stocks. The de-
tails of the genetic control of the meiotic events in Droso-
phila melanogaster can now be investigated thanks to the dis-
covery of mutations affecting crossing over in females (mei-
otic mutants).

Stocks: The mode of inheritance of many mutant characteris-
tics of adults and their preceding developmental stages have
been studied. The dominance relationship is known for a num-
ber of alleles; the linkage group and the localization on the
chromosome are known; often even the localization of the
change within a gene producing a particular allele, and the
localization with respect to the banding pattern of giant
chromosomes is known. Stocks carrying these mutations are
kept in research laboratories and in special "stock centers"
from where they can be obtained. For the availability of the
stocks used for the experiments described in this book, see
the stocklist in section 1.6.
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So far, we have described the experimental advantages of Dro-
sophila melanogaster for the study of Mendelian genetics.
Today this "domesticated animal of the geneticists" has a
much wider use and importance in biological research. All of
the modern applications take advantage of the extensive
knowledge of the genetics and cytogenetics of the organism.
New possibilities became available through the development of
synthetic media for larvae and flies as well as for insect
organ and cell culture. Some very specialized techniques
have been developed; for example the transplantation of imag-
inal discs, the separation and reaggregation of disc cells,
the transplantation of cell nuclei as well as biochemical
micromethods. In this way, suitable tools have become avail-
able for the study of the genetics, physiology and biochemis-
try of whole animals, isolated organs or even individual
cells. For many problems in developmental biology, unique
experimental approaches have become possible. Outstanding
examples are the phenomenon of transdetermination and the
studies of homeotic mutants. Important contributions to the
understanding of basic biological phenomena have resulted
from the application of modern molecular biology technologies
such as DNA cloning, sequencing and transformation in Dro-
sophila research.

1.5 Methods for Culturing and Studying
Drosophila melanogaster

Culture medium

Different media are used in different research laboratories.
Basically, the majority of the media contain water, sugar,
agar-agar, corn (maize) meal, yeast, a bactericidal agent and
a mold suppressor.

The preparation of the medium we use for research and class-
room applications is described below. To make the prepara-
tion as easy as possible and avoid the inconvenience of
weighing, all quantities are given as volumes in milliliters
(ml). It is convenient to have a specially marked container
for each ingredient.
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In an ordinary cooking pot, mix together:
3 1 water
45 ml powdered agar-agar
150 ml fresh yeast
260 ml sucrose.
Heat to boiling and then stir in:
550 ml corn (maize) meal.
Heat again until mixture comes to the boil. Keep boiling
gently for approx. 30 min while stirring. Remove from heat
and allow to cool to 50 to 60°C. Stir in:
10 ml Nipasol-M-sodium (trade name for
propyl-p-hydroxy-benzoate)
10 ml of an aqueous 0.1 % solution of streptomycin.
or: 17 ml of a solution of 10 parts propionic acid and
1 part phosphoric acid.
Pour while still hot into culture bottles to make a layer
about 3 cm thick (makes approx. 100 bottles).
We find it convenient to let the open bottles dry under a
gauze net (to keep flies out) for 2-3 hours. The drying can
be speeded up by blowing air over the bottles with an oscil-
lating fan. The drying should not be too vigorous as medium
that has become too dry will come loose from the bottles when
they are inverted to shake out flies.
The surface of the cooled medium is then seeded with live
baker's yeast. Mix
125 ml live yeast with
25-40 ml water to form a thick pap.
Using a thick pipette 2-3 drops are dropped onto the surface
of the culture bottle (1 drop into a vial). An alternative
method is to sprinkle the surface with lyophyllized baker's
yeast. The culture vessels are then stoppered with foam rub-
ber stoppers or cotton bungs.
Freshly prepared vials and bottles may be used for starting
cultures within the next few days. If they are to be kept
for a longer time, they should be stored in a refrigerator
before live yeast is added. Cold bottles should be warmed up
to room temperature, yeasted and checked for condensation
before use.
Yeast, corn meal and sugar are obtainable from local grocery
stores. Agar-agar, antibiotics and fungicides may be ob-
tained from pharmaceutical suppliers. Two of the most useful
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fungicides are Methyl-Parasept (Teneco Chemicals Inc., 290
River Drive, Garfield, NJ 07026 USA) and Nipasol (Nipa Labo-
ratories Ltd., Treforest Industrial Estate, Pontypridd, Gla-
morgan, South Wales, Great Britain).

lture ve ls

For rearing mass cultures, glass bottles with a volume of
about 200 ml are useful. In many countries, bottles used for
selling milk, cream or yoghurt are suitable for Drosophila
cultures. If the bottles are of colorless glass, it is espe-
cially easy to follow the development of the culture through
the walls, but colored bottles may also be used. About 40 ml
of medium is used in a 200 ml bottle.

For the progeny of single pair matings (or the progeny from a
small number of parental flies) glass or clear plastic vials
with a volume up to 40 ml may be used. If experiments on a
larger scale are planned, a careful analysis of the avail-
ability and cost of vials on the local commercial market is
advisable. In vials of about 40 ml total volume, containing
about 10 ml medium, progenies of up to 200 individuals may be
produced. The handling of vials and bottles is facilitated
if groups of these can be moved around. Wire baskets are
ideal so that air can easily circulate around the bottles or
vials in the culture room or incubator. In our laboratory,
we use baskets made of plastic coated wire. The large bas-
kets hold 24 bottles or 85 vials. Smaller ones which can be
fitted into commercially available incubators are also conve-
nient. If one chooses reusable glass vials and bottles, they
should be washed with a good laboratory detergent as soon as
possible after use, or else autoclaved, if they have to be
kept for some days before washing.

Handling of adult flies

In order to examine the flies of various phenotypes used to
start new crosses, the live flies have to be anesthetized.
Two different gases suitable for this purpose are ether and
carbon dioxide. 1In classroom experiments, ether is usually
used because the equipment is much simpler than that required
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for carbon dioxide.

WARNING:

Mixtures of ether and air may explode: The boiling
point of ether is about 35°C. Ether is a strong nar-
cotic. Enough fresh air is of primary importance at
the working place. Ether has to be kept in bottles
made of brown glass to avoid the production of dan-
gerous peroxides. No smoking or use of any open
flame or device producing sparks is allowed in the
laboratory.

The basic principle for the use of ether is to introduce the
flies for a short while into a container in which the flies
are exposed to ether vapor. After this anesthetic treatment,
the flies can be brought back to normal air and can be in-
spected under the stereomicroscope.

Sometimes, e.g. if progeny have to be classified according to
several phenotypes, quite some time is needed to inspect the
anesthetized flies. 1In this case, the duration of the anes-
thesia may be too short. The flies have to be reanesthetized
(without changing their position on the glass plate) before
they start waking up.

NOTE:
An anesthetizer must be examined before use to make
sure that it is not contaminated with flies or eggs.

One type of anesthesia device (Figure 1) consists of a 2 dl
glass bottle (1), e.g. milk bottle. The bottom of the bottle
is covered with loose wadding or absorbent cotton (2). From
an ether bottle (about 40 ml) a few drops of ether are pi-
petted on the wadding. The anesthesia bottle is closed with
a cork stopper (5). A plastic or metal funnel (3) is in-
serted into the center of this stopper. The funnel is con-
nected to a small vessel (4), made of ether-resistant materi-
al. Ether diffuses into the vessel through small holes in
the wall and anesthetizes the flies in the vessel. The di-
mensions of the funnel are of special importance because the
top openings of the culture bottles as well as those of the
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vials have to fit snugly into the funnel to shake flies into
the anesthetizing chamber.

A second type of anesthetizer, especially suitable for class-
room work, is shown in Figure 2. It consists of a glass bot-
tle (1), a funnel (2) and a stopper (3). With this model the
flies are put directly into the glass bottle. Ether evapo-
rating from a wadding ring in the stopper fills the whole
bottle with ether vapor. The ring (4) in the stopper is eas-
ily cut out with a knife, filled with absorbent cotton and
held in place with a thin string. Another possibility is to
fix a pad of absorbent material (5) with glue or pin to the
base of the stopper. To use this device, the cotton pad is
dampened with a little ether and the stopper then replaced in
the bottle so that the ether fumes diffuse through the
bottle. Care should be taken that no liquid ether falls into
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Fiqure 1. Anesthetizer I. Figqure 2. Anesthetizer II.

the bottle, because flies coming in direct contact with liq-
uid ether die.

Flies in the culture vessels are shaken down to the medium by
tapping the bottle on a rubber pad. The stopper is now re-
moved, the bottle turned upside down and fitted into the fun-
nel. The flies are then shaken through the funnel into the
bottle. At first the flies will walk around on the bottom
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and on the sides of the glass, but soon one can see that
their movements slow down. Finally they fall to the bottom
of the bottle. After all flies are inactivated, they are
left for a further 10-20 seconds in the ether in order to
extend the period of time that the flies will remain anesthe-
tized. 1If the flies are needed later for setting up fresh
cultures, the anesthetic period has to be controlled careful-
ly, because longer ether exposure will kill them. Flies dy-
ing from overetherization first reflex their wings above the
thorax and fold their legs. Eventually the legs are
stretched out. These symptoms are the consequences of exces-
sive muscle contractions. When using any of the described
ether anesthesia devices, if any of the flies start to show
these symptoms, they must be put into fresh air immediately
or they will die.

For the inspection of the external characteristics, the flies
are shaken out of the anesthetizer and put on a glass plate
backed with white paper or on a white ceramic tile (size
about 8 x 12 cm). Under the stereomicroscope the flies can
best be studied using magnifications between 6 and 25x.

It is easy to see when the flies are starting to revive from
anesthesia; they start first to vibrate their legs and then
to stand up. After they have been standing for a short
while, they start to move around and eventually fly away.
Figure 3 shows a simple device that allows the reanesthetiz-
ing of the awaking flies. One takes one half of a glass Pet-
ri dish (1) (plastic dishes are unsuitable, because they are
often not ether-resistant) and fixes a piece of ether-resis-
tant foam rubber in the center of the dish with an ether-re-
sistant glue (2). In order to reanesthetize the flies, the
foam rubber is dampened with ether and the device is put over

Figure 3. Glass Petri dish for reanesthesia.
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the flies on the glass plate (3). Through the glass it is
easy to follow the reanesthesia, and after a relatively short
period, the device can be removed and the work with the flies
continued.

The risk of killing flies by overanesthesia is much lower if
carbon dioxide is used instead of ether. Technical problems
usually prevent the use of carbon dioxide in the classroom at
every working place, but for teachers and assistants working
reqularly with the preparation of experiments, the use of
carbon dioxide has many advantages. For this reason a set-up
we have used for over 20 years is described.

Figure 4 shows a diagram of the device. A Bunsen burner
equiped for a pilot flame (1) is connected by plastic tubing
to a CO, cylinder (2). The air inlet (3) of the burner is

2
sealed with glue. When the valve of the burner (4) is in the

Figure 4. Equipment for CO2 anesthesia.
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"flame" position, the carbon dioxide flows through the large
tube of the burner (5) and enters a plastic funnel (6) fixed
to the top of the burner. A foam rubber stopper (7), through
which the gas can penetrate, is placed in the neck of the
funnel. A second, loose funnel (17) with its opening covered
with fine gauze (18) is fitted into the first one. Bottles
or vials (8) containing flies are put upside down into the
funnel. Upon gentle shaking the flies fall into the funnel
and are immediately immobilized by the CO2 and accumulate

on the gauze. For inspection of the flies under a microscope
(9) the loose funnel is removed with the flies. They are
shaken into a concave plastic dish (10). In order to keep
the flies continuously in a CO2 atmosphere, the valve (4)

is switched to the "pilot" position. Now the gas stream
passes through the thin tube (11) of the burner. On top of
the shortened thin tube a plastic tubing (12) is fixed. This
plastic tube passes through a hole (13) in the wall of the
large tube (5) and is connected to a cylindrical box (14).
From this box the gas stream reaches the flies through a
large number of very small holes (15) in the plastic dish.
This dish is made by cutting out a circular piece from a
conventional plastic bowl. The edge of the box (14) is
covered with a strip of rubber (16) to avoid electrostatic
charging of the plastic dish when it is moved. The use of a
heat-shielded microscope lamp is recommended. With this de-
vice large numbers of flies can be inspected over a very long
period without the interruption of work for reanesthetizing
and without danger of killing the animals.

Equipment for carbon dioxide anesthesia may be obtained from
Hans Schiitz, Apparatebau, In der Halden, CH-8185 Winkel bei
Biilach, Switzerland. The minimum quantity per order is 20
units. For ordering fly stocks see separate list in section
1.6.

rting new ltur

When starting new cultures, it is important to be sure that
neither the walls of the bottle nor the surface of the medium
are wet. Although the name Drosophila means "dew-loving",
flies tend to stick to wet places and die.

Labeling: Vials and bottles should be labeled with a marking
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pen. Water-insoluble ink is preferred because the accidental
erasing of labels is prevented. On the other hand, the ink
should not create too much of a problem when washing the
glassware. Usually suitable pens can be found in local
stores. If preferred, glued labels can be used so long as
the glue is water-soluble and labels can be soaked off easily.

It is recommended that each basket of cultures be labeled
with a card indicating the cross and the date when the cul-
tures were started before they are put into the incubator or
culture room.

Transfer of flies: The easiest way to start new cultures is
to shake unanesthetized flies directly from one bottle into a
fresh one. First the flies are shaken to the bottom of the
bottle, then both bottles are opened, the bottle with the
flies is put upside down on the empty one, and then the flies
are shaken into the new bottle.

For the beginner a major problem is to use a small enough
number of flies. Too many parental flies yield overcrowded
cultures with small, slow growing larvae and delayed hatching
of Fl
The direct transfer of flies is an everyday technique but
from time to time the stocks should be checked under the ste-
reomicroscope for the correct phenotype. This should be done

flies.

about every third generation.

Pair matings: When anesthetized flies are to be used to
start a new cross, they must be transferred carefully to pre-
vent them sticking to the medium or other damp surface. This
is most easily done by brushing them gently onto the dry wall
of the food vial or bottle while it is held on its side.
After stoppering the container, it should be left in a hori-
zontal position until the flies have revived. Anesthetized
flies can also be put into a clean empty vial to revive and
then shaken carefully into the food bottle.

It is also possible to add flies to a vial containing unanes-
thetized flies. For this purpose the flies in the vial are
shaken down to the medium, the stopper is pushed to one side
so that a passage is formed through which an anesthetized fly
(held by the wings or legs with a forceps) can be carefully
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introduced into the vial. Care has to be taken that the an-
esthetized flies do not stick to the medium.

Stock keeping

For rearing stocks with large numbers of flies we use bottles
with corn meal medium and live yeast. To start cultures one
needs well-fed adult flies which produce a lot of fertilized
eggs. These are obtained by keeping freshly hatched flies
for 2 to 4 days in well-yeasted "feeding" bottles. To stimu-
late oogenesis the flies need protein-rich food (live yeast).
To propagate normally fertile stocks about 10 to 25 pairs are
used per 200 ml bottle. Beginners should count the flies;
later on with some experience, the number of flies can be
estimated. Remember: Avoid overcrowding. Each bottle
should be labeled and dated. The parental flies should be
removed from the bottles after 2 to 3 days. They may well be
used to start a second culture. After removal of the flies
from a culture bottle, the medium contains eggs, embryos and
young larvae. Depending on the quality of the medium, it may
be desirable to add more live yeast. In order to increase
the surface and to regqulate humidity within the bottle, a
small (ca. 10 x 10 cm) piece of absorbent paper (paper towel-
ing) may be added. Finally, the bottles are kept at room
temperature or preferably in an incubator at 25°C and 60%
relative humidity.

k 11 ion

Usually we maintain the stocks during the time of the year
when no experiments are conducted. All stocks described in
this book can be kept at a low temperature (i.e. 18°C).
Since the generation time is longer at a low temperature,
stock keeping is less laborious under these conditions.
Vigorous stocks can be maintained permanently at 18°C. 1In
this case up to 50 pairs are allowed to lay eggs for at least
4-5 days. This guarantees an optimal population density.
After removing the parental flies, we also add yeast and pa-
per. The duration of a generation will exceed 3 weeks.
Based on our experience, we recommend keeping three bottles
of every stock. Stocks should be inspected for the correct
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phenotypes about every third generation. Using three bottles
which represent separate lines, a contaminated line or a line
with lost markers can be replaced by splitting one of the
duplicate lines.

Mi n 1

Mites are probably the most serious contaminants of Drosophi-
la cultures. Check all new stocks for the presence of

mites! They should be kept in quarantine for at least two
generations before adding them to your other stocks. For
more details on mite control measures see Roberts (1986).

lturin air matin

For matings with only one or a few females, we use small vi-
als. Care has to be taken that the progeny are limited to a
reasonable number. This is usually achieved by limiting the
egg-laying period to a maximum of 4 days. Taking out the
parental flies after about 4 days has the additional advan-
tage that upon hatching of the progeny no "wrong” flies are
present, and that no backcrosses to parental flies are possi-
ble which could disturb the successive crosses. The addition
of yeast and absorbent paper is recommended for vials just as
for bottles.

1 io virgin

For many experiments, virgin females which have not yet mated
are required. In order to collect virgins, select cultures,
preferably 9-10 days old, with dark brown pupae ready to
hatch and remove all adult flies! Not a single male or
female should remain in the culture. Depending on the stock,
flies can be collected during the next 6 to 10 hours. At the
end of this period, the flies are anesthetized. Under the
stereomicroscope, females and males are separated carefully
(for the sex characteristics see chapter 2.4) using a fine
brush. Usually the males are discarded (or removed to be
used in other crosses). Now the females are inspected again
to make sure that not a single male has been overlooked. The
virgins are then kept in well-yeasted culture bottles without
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males. This allows the females to mature sexually, and
oogenesis is stimulated by the protein-rich food. The opti-
mal age for using the virgin females is 3-5 days. Since the
collection of virgins is the most critical part of a success-
ful Drosophila experiment, the individual steps are listed
again below:

(1) Before starting the collection of virgins, not a single
fly must be left behind in the culture.

(2) The two sexes have to be separated very carefully. The
sex combs of the male and the external genitalia are the best
characteristics to use for newly hatched flies.

(3) Before moving the females to culture bottles, make sure
that not a single male is present.

(4) When starting crosses, check a last time for the absence
of males from the group of virgins used. This may be done
very quickly, because at this stage the body colors of the
flies have developed fully. If a male is found, the entire
group of females has to be discarded. The consequences of
such errors can be minimized, if only small groups of females
are matured together in one container.

1 i of mal

Males may be collected at any time. The males used should
not be too young. 1In general we keep the males used for
crosses in sexual isolation for 1 to 2 days and keep them
well fed.

1.6 List of Genetic Symbols and Stocklist

In these lists, a somewhat simplified notation of alleles is
used. Wherever possible, the superscripts used in scientific
papers to identify individual alleles are deleted. 1In those
cases in which different alleles at one locus lead to dis-
tinctly different phenotypes, superscripts are retained (e.q.
with the white 1locus).



bw

cn
ct

cv

Cy

dm

dp

ey

flr

mei-9

2-48.5
1-57.0

1-57.0

2-104.5
2-75.5
2-57.5
1-20.0

2-13.0

3-70.7
4-2.0

1-56.7

3-38.8

3-69.5

2-48.7
1-36.1

D ription

black; black body color

Bar; homozygous B/B 2 and hemizy-
gous B/Y dJ: eyes reduced to narrow
bar; heterozygous B/+ ?: kidney-
shaped eyes

Bar of Stone. Named for a Drosophila
geneticist, this allele of B leads to
an extreme reduction of the eyes. It
is often used to mark the long arm of
the Y chromosome in stocks in which
it has been translocated to the Y
brown; brownish red eye color

curved; wings curved downwards
cinnabar; shiny light red eye color
cut; wings cut to points and edges
scalloped

crossveinless; wings lacking cross-
veins

Curly; wings curled upward; homo-
zygous lethal

diminutive; bristles shortened and
thin; dm/dm females are sterile
dumpy; posterior part of the wing
truncated

ebony; black body color

eyeless; eye approx. 1/4 of the
normal size

forked; bristles shortened, gnarled
and bent

flare; wing hairs reduced to amor-
phous clump of matter; homozygous
lethal

Hairless; various bristles, espe-
cially postverticals and abdom-
inals, missing; homozygous lethal
jaunty; curved wings

miniature; wings short, about the
same length as abdomen

meiotic mutant no. 9; disturbance in



mwh

pol

Pm

px
ri

ry
Sb

sc
sd
se

Ser

sn

spapol

SSa

st
sv

4-3.0
3-48.0
2-104.5

2-100.5
3-47.0

3-52.0
3-58.2

1-0.0
1-51.5
3-26.0

3-92.5

1-21.0
4-3.0

3-58.5

3-44.0
4-3.0

1-33.0
2-67.0
1-1.5
1-1.5
1-1.5
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meiosis and in DNA excision repair
multiple wing hairs; wing cells
contain groups of 2-5 hairs
abbreviation for spapo1
pink-peach; pink-peach eye color
Plum; brown-dominant; brownish eye
color; homozygous lethal

plexus; additional veins on the wings
radius incompletus; wing veins do not
extend to wing margin

rosy; dark red eye color

Stubble; reduced bristles; homozygous
lethal

scute; missing scutellar bristles
scalloped; abnormal edge of the wing
sepia; brown eye color, darkening
with age

Serrate; wings notched at tip;
homozygous lethal

singed; bristles short and kinked
sparkling-polished; smooth eye
surface, eye size slightly reduced
spineless-aristapedia; arista
replaced by leg-like structure
scarlet; shiny light red eye color
shaven; bristles reduced to small
stumps

vermilion; shiny light red eye color
vestigial; wings reduced

white; white eye color

white-apricot; apricot colored eyes
white-coral; light dull red eye color
X chromosome; 1lst chromosome, sex
chromosome

X closed no. 2; ring-X chromosome
yellow; body color of the adult flies
yellow; larval setae and mouth parts
light brown

Y chromosome; sex chromosome which
normally occurs only in males

wild type. When written as a
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superscript to any symbol, indicates
the normal (wild type, nonmutant)

allele. This notation is often
abbreviated by using only the +

without the symbol, e.g. w/+ = wwt,

Multi m n with ial phen

bw ; st pp white eye color

cn ; bw white eye color

cn ; ry light orange eye color
st pp yellow eye color

v ; bw white eye color

w ; se white eye color

wC° ; se dark brown eye color

wco/w ; se/se intermediate between w ; se and

(o]
WC ; Se

kili

The stocks given in the following list may be obtained from:

Mid-America Drosophila Stock Center
Department of Biology

Bowling Green State University
Bowling Green OH

43403 USA

Stock Genotype
no.
1 wild type strain

vg

w; ct

Drosophila Stock Center
Department of Genetics
University of Umea
S-901 87 Umea

Sweden

Used in_experiment no.

2, 3.2, 3.3, 3.6, 3.7,
3.8, 4.4, 5.1, 5.2,
2, 6.3, 6.4, 7.1, 7.2
1, 3.5, 4.1, 6.2
1, 3.5, 4
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5 w 3.2, 4.4
6 Cy/Pm; H/Sb 3.5, 7.2
7 b 3.5, 4.7
8 se 3.5, 4.4, 4.7
9 spap01 3.5

10 wmnm f 3.6

11 C(2L)RM, j; C(2R)RM, px 3.7

12 C(2L)RM, b; C(2R)RM, cn 3.7

13 B 3.8

14 mei-oll 3.8

15 y w® mei-92 3.8, 5.3
16 y mei-9P! cvsyt v BS 3.8

17 ss340a 4.2

18 ry? 4.4

19 w? 4.4

20 bw 4.3

21 st 4.3

22 st pP 4.3

23 v; bw 4.6

24 cn bw 4.6

25 wt(P) 4.8

26 w (M) 4.8

27 Basc 5.1, 7.2
28 bw; st pp 5.2

29 Yy w 5.3

30 x°2, y £/y* v BS 5.3

31 mwh 5.4

32 £1r3/TM3, Ser 5.4

33 w; se 5.4

34 w<° sn; se 5.4

35 y 6.4

1.7 General Books on Drosophila

Summaries, reviews and compilations on diverse fields of Dro-
sophila genetics are found in:

ASHBURNER, M.: Drosophila: A Laboratory Manual. Cold Spring
Harbor NY: Cold Spring Harbor Laboratory Press 1989.
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ASHBURNER, M.: Drosophila: A Laboratory Handbook. Cold
Spring Harbor NY: Cold Spring Harbor Laboratory Press
1989.

ASHBURNER, M., NOVITSKI, E. (eds.): The Genetics and Biology
of Drosophila. Volume 1 a, b, ¢c. New York, London: Aca-
demic Press 1976.

ASHBURNER, M., WRIGHT, T.R.F. (eds.): The Genetics and Bio-
logy of Drosophila. Volume 2 a, b, ¢, 4. New York, Lon-
don: Academic Press 1978, 1979.

ASHBURNER, M., CARSON, H.L., THOMPSON Jr., J.N. (eds.): The
Genetics and Biology of Drosophila. Volume 3 a, b, c, 4,
e. New York, London: Academic Press 1981, 1982, 1983,
1986.

HASKELL, G.: Practical Heredity with Drosophila. Edinburgh,
London: Oliver and Boyd 1961.

LINDSLEY, D.L., GRELL, E.H.: Genetic Variations of Drosophi-
la melanogaster. Washington: Carnegie Institution of
Washington, Publ. No. 627, 1968. (New edition in
preparation by Lindsley, D.L. and Zimm, G.)

RANSOM, R. (ed.): A Handbook of Drosophila Development. Am-
sterdam, New York, Oxford: Elsevier 1982.

ROBERTS, D.B. (ed.): Drosophila. A Practical Approach. Ox-
ford, Washington DC: IRL Press 1986.

The yearly newsletter "DROSOPHILA INFORMATION SERVICE (DIS)"
provides fast communication between Drosophila workers. This
is an informal means for exchanging information on new mu-
tants, new and improved techniques, current research inter-
ests, directories, etc. At present, DIS is edited by J.N.
Thompson, jr., Department of Zoology, University of Oklahoma,
730 Van Vleet Oval, Norman, OK 73019-0235, USA. The four
sections of the new text of "Genome of Drosophila melano-
gaster” by D.L. Lindsley and G. Zimm have been published in
1985, 1986, 1987 and 1990 as numbers 62, 64, 65 and 68 of DIS.

Bibliographies

The first genetic publications concerning Drosophila melano-
gaster date back to 1910. During the following decades the
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experimental work, initially concentrated on Mendelian genet-
ics, was extended to numerous new research areas. Therefore,
the scientific literature contains an enormous base of knowl-
edge on this diverse research field and is available to ev-
erybody. Most of the original literature is in English.
Between 1910 and 1974 some 25 000 papers were published. The
location of older references is facilitated by a number of
bibliographies published as books or special sections in DIS.

MORGAN, T.H., BRIDGES, C.B., STURTEVANT, A.H.: The Genetics
of Drosophila. Bibliographia Genetica, Vol. II. The
Hague: Martinus Nijhoff 1925.

MULLER, H.J.: Bibliography on the Genetics of Drosophila.
Edinburgh: Oliver and Boyd 1939.

HERSKOWITZ, I.H.: Bibliography on the Genetics of Droso-
phila, Part 2. Slough, Bucks, England: Commonwealth
Agricult. Bureau, Farnham Royal 1952.

HERSKOWITZ, I.H.: Bibliography on the Genetics of Droso-
phila, Part 3. Bloomington IN: Indiana Univ. Press 1958.
HERSKOWITZ, I.H.: Bibliography on the Genetics of Droso-

phila, Part 4. New York: McGraw-Hill 1963.

HERSKOWITZ, I.H.: Bibliography on the Genetics of Droso-
phila, Part 5, Part 6. New York: MacMillan 1969, 1974.

HERSKOWITZ, I.H.: Drosophila Bibliography, Drosophila In-
form. Serv. 52, 186-226 (1977).

HERSKOWITZ, I.H.: Drosophila Bibliography, Drosophila In-
form. Serv. 53, 219-244 (1978).

HERSKOWITZ, I.H.: Drosophila Bibliography, Drosophila In-
form. Serv. 55, 218-262 (1980).

HERSKOWITZ, I.H.: Bibliography on Drosophila, Drosophila
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2. Morphology of Drosophila melanogaster

The aim of the following studies is to become familiar with
the life cycle and the different developmental stages of Dro-
sophila melanogaster. Every section starts with the presen-
tation of some morphological, developmental and biological
facts. This is followed by practical studies on the morphol-
ogy and developmental biology of the different developmental
stages.

Material needed: 1In addition to the usual material (stereo-
microscope, etc.) the following are needed for these investi-
gations: a wooden spatula, a few slides, household bleach,
e.g. Chlorox (a 3 % aqueous solution of sodium hypochlorite),
small pipettes with smooth tips, stainless steel dissecting
needles, a beaker with tap water, watch glasses or other

small, shallow containers.

2.1 Eggs and Embryos

External characteristics of the eggs (Figure 5): They are
oval in shape, about 0.5 mm long and 0.2 mm in diameter. The
dorsal side is slightly flatter than the concave ventral
side. At the anterior end of the dorsal side, there are two
filaments. These prevent the eggs from sinking into a wet
medium and provide the vital oxygen supply. The filaments
are extensions of the chorion, the protective egg shell cov-
ering the whole egg. The chorion and the filaments are se-
creted by the follicle cells surrounding the egg during
oogenesis. At higher magnification the honey-combed impres-
sions left by the follicle cells are visible on the surface
of the chorion. 1Inside the chorion there is a spongy layer
filled with air. It is the reflection of light from this
layer that gives the egg its milky white appearance. Eggs
can be dried by absorbent paper or very carefully with hot
air; care must be taken to avoid desiccation of the interior
of the egg, which would then collapse. Dried eggs can be
made transparent by submersing them in mineral oil. Another
possibility is the digestion of the chorion described below.
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First let us review how the eggs are formed during oogene-
sis: Oogenesis takes place in the ovarioles of the ovaries.
Ovaries of wild type flies consist of more than 20 ovarioles
so that a normal fertile female has over 40 ovarioles, all
producing eggs. Oogenesis starts with a diploid oogonium.

Fiqur . Eggs of
Drosophila melanogaster

a) lateral, b) dorsal.
The arrow points to the
micropyle. After Demerec
and Kaufmann (1965).

This cell divides mitotically to form a cluster of 16 cells.
Plasma bridges connect individual cells within the cluster.
As the cluster grows, the so-called egg chamber is formed.

It consists of one oocyte, 15 nurse cells and a layer of fol-
licle cells. The nurse cells contribute substantially to the
growth of the oocyte by supplying yolk. At the end of the
growth phase the oocyte reaches about 100 000 times its ini-
tial volume. Finally the nurse cells degenerate and the fol-
licle cells secrete the complex chorion. Within a few days
the oocyte is mature. Meiosis has started but stops at meta-
phase I. Inseminated females will soon fertilize the egg and
deposit it. Usually, virgin females accumulate one or two
mature oocytes in every ovariole. For this reason, well-fed
virgins show a whitish swollen abdomen. All these eggs are
deposited within a short time after the virgin has mated.
This is a major reason for the success of cultures started
with well-fed virgin females aged for a few days. If kept
without males for extended periods, virgin females will lay
unfertilized eggs.

In the testes of the males, haploid sperm are produced from
diploid spermatogonia. The process of spermatogenesis goes
through two phases: During the first phase, spermatogonia
develop into spermatocytes which go through the two meiotic
divisions resulting in haploid spermatids. The second phase,
spermiogenesis, follows. During this phase the globular ear-
ly spermatids are transformed into highly specialized mature
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sperm with a head containing the highly condensed chromatin
and a tail responsible for the mobility of the cell. The
differentiation of spermatids into sperm takes place synchro-
nously in a tightly packed group of cells included in a
cyst. Every cyst produces a bundle of 64 mature sperm. The
mature sperm have an exceptional morphology; the long sperm
head containing the genetic material is about 13 um long

and 0.5 ym wide. The tail is more than 100-fold longer

than the head, making the sperm a structure 1.7 to 1.8 mm
long!

During copulation, the sperm are transferred from the testes
into the uterus of the female. From there they swim to spe-
cial storage organs, the receptaculum seminis and the paired
spermathecae. Sperm remain viable in these organs for many

days.

Figur . Anterior tip
of the eqggq.

1 = micropyle,

2 = yolk membrane,

chorion.

3

The eggs are fertilized in the uterus of the females. An
individual eqgg is released from an ovariole into the uterus.
Its orientation fits the anterior pole with the micropyle
(Figure 6) near the openings of the receptaculum and the
spermathecae. During fertilization one single sperm enters
the egg through the micropyle. 1In contrast to earlier views,
it has now been shown experimentally that monospermy is the
rule in Drosophila. Meiosis of the maternal oocyte nucleus
was blocked at metaphase of meiosis I at the end of oogene-
sis. Fertilization triggers the continuation of meiosis and
within about 15 minutes meiosis is completed. These meiotic
divisions take place within a cytoplasmic island located on
the dorsal side of the egg in the area where the filaments
start from the chorion. Maternal meiosis results in the pro-
duction of one haploid generative nucleus and three polar
bodies in the dorsal cortical plasm of the egg. The genera-
tive nucleus moves towards the axis of the egg and is trans-
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formed into the maternal pronucleus after going through an
interphase-like stage. The polar bodies disintegrate.

At the same time that female meiosis is completed, the ini-
tially compact sperm head goes through a phase of striking
morphological changes; the chromatin in the sperm head loos-
ens up and transforms into the interphase structure, which
results in the paternal pronucleus. This transformation
takes place while the paternal nucleus is moving into the
interior of the egg. By the end of the first quarter of an
hour after fertilization, the two pronuclei (one maternal,
one paternal) are located in a cytoplasmic island on the egg
axis. The distance from the micropyle is about 0.2 mm. The
two pronuclei do not fuse at this stage. Side by side, they
synchronously enter the first cleavage division (gonomery).
Each nucleus forms half a mitotic apparatus. It is only at
the end of the first cleavage division, during telophase,
that maternal and paternal chromosomes are enclosed within
one nuclear envelope. This represents an unusual type of
karyogamy.

Figure 7 gives an overview of the embryonic development. The
cleavage divisions in the Drosophila egg are among the fas-
test mitotic divisions known among higher animals: At 25°C
one nuclear cycle takes only about 8 minutes! The cleavage
divisions are syncytial, which means that nuclear divisions
take place without concomitant formation of cell membranes.
Each nucleus surrounded by a cytoplasmic island represents a
so-called energid.

The first 9 synchronous divisions result in some 512 nuclei
initially distributed evenly throughout the eqgg volume. The
majority of these nuclei migrate to the periphery of the

egg. At the anterior pole about 18 nuclei enter the pole
plasm. These subsequently form the pole cells which will
multiply independently of the rest of the embryo, and some of
which will form the germ cells.

Another group of about 100 nuclei remains in the interior
yolk mass representing the so-called yolk nuclei. These
asynchronously dividing energids will play an important role
in the utilization of the yolk material. The roughly 400
nuclei in the cortical cytoplasm go through 4 additional syn-
chronous divisions and finally form the so-called blastoderm
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Fiqure 7. Early embryonic development of Drosophila melano-

gaster. After Scriba (1964). A = anterior end, P = poste-

rior end (pole cell region).

I: Fertilized egg after deposition. Pronuclei still un-
fused.

II: Cleavage. Distribution of nuclei in the egg.

III: Migration of cleavage energids.

IV: Preblastoderm. Nuclei at periphery.

V: Blastoderm. Cell membrane formation.

VI: Beginning of gastrulation.

made up of about 6000 nuclei. When these divisions have
ceased the nuclei remain in interphase for about an hour,
elongate slightly, and the nucleoli become visible. Finally,
cell membranes growing vertically from the surface between
the nuclei lead to the formation of the cellular blastoderm.
The whole development from insemination to blastoderm forma-
tion takes about 3 hours. The pole cells are of special in-
terest. They are not included in the blastoderm. They are
characterized by a high content of granules, the so-called
polar granula already visible in the polar plasm of the ma-
ture egg. Some of the cells derived from the polar cells
will later form the germ cells in the gonads. The separation
of the pole cells from the rest of the cells illustrates the
initial step in the separation of the germ line from the soma.
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It is interesting to note that the early stages of develop-
ment are under maternal genetic control. The genetic materi-
al of the zygote seems to be largely inactive at first, and
gene products stored in the oocyte before fertilization (and
therefore coded for by the mother's genotype) control early
events. A number of so-called maternal effect genes have
been described.
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Figure 8. Late embryonic development of Drosophila melano-
gaster. Simplified after Weber (1974).

3.5 h embryo : Development of head furrow.

5.5 h embryo : 1Invagination and elongation of germ band.

9 h embryo : Maximal elongation of germ band.

13 h embryo : Germ band shortening.

23 h embryo : Segmentation. Larva ready to hatch.

In the blastoderm, about one hour later complex cell move-
ments, cell divisions, invaginations and dislocations of
large cell complexes start (now under the control of the zy-
gote's own genotype). Gastrulation and the following morpho-
genetic events (histogenesis, organogenesis and differentia-
tion) lead to the formation of functional larval organs. An
assortment of certain cell groups (imaginal discs and histo-
blasts) takes place. These cells will differentiate only
later during the pupal stages. They will form the structures
of the adult fly, the imago.

Recent work with Drosophila using the techniques of molecular
biology is helping to elucidate the genetic control of embry-
onic and larval development. The use of molecular probes
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able to bind to specific gene products has allowed embryolo-
gists to localize the activity of a number of genes which
function in the organization of the embryo into different
body regions, segments and anterior and posterior segment
regions. This work with Drosophila is making a large contri-
bution to the solution of very basic problems in regulation
of gene control and differentiation.

Preparation of cultures with egqgs and L1l larvae: One to two
days before the experiment starts, inseminated, actively

egg-laying females are transferred to fresh culture bottles.
At the start of the experiment, the adult flies are discarded
from the bottles. With a wooden spatula or a slightly wet,
strong brush, some material is collected from the surface of
the medium near the drop of yeast. This material is put into
a small drop of water on a slide. Study this material under
the stereomicroscope, beginning with a low magnification.
Despite the turbidity of the drop due to suspended yeast
cells, you should be able to see some eggs (or embryos) and
some small L1 larvae (L1l = first larval instar).

Observation of eggs and embryos

In order to make sure that you are seeing the morphological
structures of interest make detailed drawings of what you
observe and have these checked immediately by your instructor.

Eggs: On the sketch of an egg, you should identify the fol-
lowing details: (1) The anterior pole of the egg with the
micropyle, (2) the filaments, (3) the impressions of the fol-
licle cells, and (4) the lateral, ventral, and dorsal side of
the égg.

Embryos: To study embryos, it is necessary to remove the
chorion. Since mechanical removal is tedious and difficult,
we prefer a chemical method. The chorion can be hydrolyzed
by submersing the eggs in a 3% sodium hypochlorite solution
(Chlorox solution). The easiest way is to brush the eggs
into a small volume of bleach solution in a depression in a
black glass. Against the black background, the progress of
the hydrolysis of the chorion (loss of the white color; for-
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mation of small bubbles) can be followed under a stereomicro-
scope. This usually takes 1 to 2 minutes. To stop the hy-
drolysis, draw the eggs up into a relatively narrow glass
pipette with a smooth tip. The mechanical stress of this
disrupts the remaining layer of the chorion freeing the

eggs. To stop the action of the hypochlorite, the contents
of the pipette is gently squirted into a large volume of tap
water. Now, it is easy to remove the "naked" eggs with a
brush, put them on a slide and study the embryos under a ste-
reomicroscope.

Cleavage stages can be recognized based on the cloudy appear-
ance of the egg content. You should be able to see the blas-
toderm stages with the superficial layer of nuclei and

cells. The anterior end is characterized by the micropyle
and the posterior end by the pole cells, which are not in-
cluded in the blastoderm cell layer. In older embryos, you
will see the progressive reduction of the yolk and later on
the appearance of tracheae, partly filled with air, and the
mouth hooks. To identify individual structures within the
embryos, use either the sketches in Figures 7 and 8 or the
figures in various books (Demerec 1965, Ransom 1982, Roberts
1986). Make drawings of different stages showing among other
things: the blastoderm, development of furrows, invagination,
germ band shortening, segmentation, a larva ready to hatch.

2.2 L3 Larvae

The larvae which hatch from the eggs after about one day of
embryonic development are found crawling around the surface
of the medium. They tend to concentrate in the yeast drops
and feed there. During the whole larval devlopment, yeast
cells are the major nutrient. After one day, the first molt
takes place. This is the transition from the first larval
instar (L1) to the second larval instar (L2). After another
day, a second molt leads to the third larval instar (L3).
During L3 the larvae feed for two additional days and grow
tremendously. Older larvae leave the yeast drop and start to
work through the medium. This can be noted by observing the
small tunnels left behind them in the medium. The larvae are
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easily visible through the walls of the culture glass with
the naked eye. The first things that one notices are usually
the pigmented mouth hooks which move as the larvae feed.

This makes it easy to check the success of a culture about 3
to 4 days after it was started, just by inspecting the cul-

ture vessels from the outside.

Observe the larvae. Externally the body can be seen to be
divided into 12 segments: 1 head segment, 3 thorax segments,
and 8 abdominal segments. The body wall is soft and very
flexible. It consists of an external noncellular cuticle
(with a thin exocuticle and a thick endocuticle) and the cel-
lular epidermis below. At the anterior border of every seg-
ment, a ring of small chitinous hooks originating from the
exocuticle can be seen. Their characteristic shape is visi-
ble only under higher magnification. A characteristic struc-
ture of the head segment are the mouth hooks. With their
dark color they are the most prominent part of the mouth
structures. The chitinous mouth hooks are replaced at every
molt. It is interesting to note that the color of the mouth
hooks is under genetic control; one gene involved is the gene
"yellow" on the X chromosome. The wild type allele (y+)
determines a dark color, whereas yellow mutations result in
light yellow mouth hooks. This observation is important,
because it demonstrates that certain mutations can already be
detected in larval stages.

The prominent airfilled tracheae extending from the posterior
end along the whole larva to the first thoracic segment can
be identified easily by external examination. The left and
right tracheae branch out into a network of small tubes.

With L3 larvae, the posterior and anterior spiracles func-
tioning as air inlets, are easy to identify. The anterior
spiracles are located on both sides of the first thoracic
segment (prothorax) immediately behind the head segment.

Each spiracle shows 9 characteristic, fingerlike papillae
with terminal openings through which air can enter the tra-
cheal system. The chamber containing the papillae can be
exposed or retracted into the body. The structurally complex
posterior spiracles are yellowish and play the most important
role in gas exchange between the tracheal system and the am-
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bient air. This can be demonstrated if larvae are placed in
soft, nearly liquid medium. Then the larval body is comple-
tely submerged in the medium and only the posterior spiracles
extend to the surface.

Additional anatomical details of larvae can be studied in
transmitted light. Under the main branches of the tracheae,
the white bands of the fat bodies, the coiled gut and the
Malpighian tubules are seen. The gonads are located in the
5th abdominal segment (four segments from the posterior end
of the larva). The pair of gonads is located within the body
cavity near the fat body. The gonads are translucent in con-
trast to the fat bodies, which appear white. Testes are dis-
tinguished from ovaries by size. The ovaries are the size of
two to three cells of the fat body, but the testes are much
larger. By inspecting some randomly selected larvae, it is
easy to learn to differentiate between male larvae with large
gonads and female larvae with small, hardly visible gonads.
This method of sex determination is important for experiments
in which sexed larvae have to be used (e.g. transplantation
or cytological preparations).

Preparation of cultures with larvae: 5 to 6 days before the

laboratory work is to be done, parental flies are allowed to

lay eggs in culture bottles for 2 days. After the flies have
been removed, more live yeast is added to the bottles, but no
paper. This should provide many well-grown larvae which can

be collected for the lab work.

Study of L3 larvae

For the study of the larvae under a dissecting microscope,
animals that are at least 4 days o0ld and 4-5 mm long are the
most suitable. At this stage it is easy to sex the larvae.
In addition, L3 larvae contain tissues suitable for cytologi-
cal chromosome studies. The brain with the adjacent ganglia
is used for preparations of mitotic chromosomes and the sali-

vary glands for analyses of polytene chromosomes.

Dissection of an L3 larva: We shall concentrate on three
systems: (1) the salivary glands, (2) the brain and the gan-
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glia, and (3) the imaginal discs. Under the dissecting mi-
croscope the larva is held near the posterior end with a fine
needle or forceps in a drop of water on a slide. With the
second instrument (needle or forceps) the larva is held just
behind the mouth hooks and then quickly pulled apart. In
this way the larval organs in the head region come free and
can be inspected. The paired salivary glands are connected
to the pharynx and lie alongside the esophagus. They have an
opaque appearance, and the structure of single cells with

Fiqure 9. Structure of the L3 larva. a) lateral view, b)
larval organs, c) imaginal discs.

A = antenna; An = anus; E = eye; F = fat body; G = ganglion;
Gc = gastric caeca; Ge = genital plate; Go = gonads; Ha =
haltere; Hg = hindgut; L1, L2, L3 = leg; Lb = labium; M =
mouth hooks; Mg = midgut; Mp = Malpighian tubules; O = ovary;
Oe = oesophagus; Ph = pharynx; Pr = proventriculus; Sg = sa-
livary glands; T = testis; Tr = trachea; W = wing.

After Demerec and Kaufmann (1965) and Demerec (1965).
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big nuclei is visible. The brain is situated dorsally near
the anterior end of the salivary glands. It is a paired
structure and easily recognizable by its hemispheric shape.
Below and connected to the brain is the ganglion which ex-
tends caudally.

Try to identify the individual imaginal discs according to
Figure 9. 1In later chapters the origin, structure and devel-
opment of the eye-antenna and the wing imaginal discs will be
discussed. Make drawings of your observations.

2.3 Pupae

At the end of the 3rd larval stage the larvae leave the medi-
um and climb to a place with the appropriate microclimate for
further development. A high humidity (ca. 65%) is of criti-
cal importance. After the larva has selected a place, it
turns upside down and the anterior spiracles are exposed.

The larva slowly contracts and finally reaches the typical
shape and proportions of a pupa. These changes produced by
muscular activity of the cuticle lead to the formation of the
puparium. After an internal molt, the larval cuticle is
transformed into the pupal case. Initially the puparium is
white, but within about 2 hours it darkens first to yellow
and finally to brown. During the browning phase the pupal
case hardens. These short periods of color change are good
markers for the timing of pupal developmental stages. The
developmental stages described so far are called the pre-
pupal stage. This lasts up to 4 hours and is terminated when
the molt inside has been completed. Metamorphosis now occurs
within the pupal case. Some larval organs and tissues are
broken down by histolysis. The salivary glands, the fat
body, the gut, and the muscles are completely decomposed.
Starting from undifferentiated cell groups (the histoblasts)
and the imaginal discs, the structures of the adult body are
built up. The Malpighian tubules and the brain do not disap-
pear but are structurally modified. The legs, wings, eyes,
antennae, and mouth structures as well as the genital appara-
tus are formed by the differentiation of the corresponding
imaginal discs. The body surface of the head, thorax and
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abdomen are formed partly from imaginal discs and partly from
histoblasts.

Pr rati f ltur with ae: 8 to 9 days before the
practical work, flies are allowed to lay eggs for two days in
culture bottles. As with the larval cultures, when the flies
are removed, the medium is supplemented with live yeast, but
no paper is added.

Study of pupae

Pupae are collected from the wall of the culture bottle with
a strong brush. Sometimes, one has to push the pupa gently
from the side to be able to remove it from the glass. 1In
order to get different developmental stages, select some
light, medium, and dark colored individuals. Under the ste-
reomicroscope, the development can be followed in successive
stages. As the pupal development proceeds, more and more
imaginal structures become visible. Most prominent are the
folded wings, the compound eyes (they change in color from
yellow to reddish to dark red-brown), the black segments of
the abdomen, the latter being visible only in older pupae.
Using needles or forceps, some pupae of different develop-
mental stage may be dissected. Try to identify the different
imaginal structuies in the different developmental stages.
Eyes, legs, and wings are the most prominent structures.

2.4 Adult Flies

The external morphology and anatomy is shown in Figure 11.
Before a detailed study of the adult fly, two points of spe-
cial importance for experimental work will be dealt with.
These are: (1) Sex differences between females and males and
(2) characteristics of the newly hatched fly, often seen if
virgins are to be collected.

1 ex differenc

For genetic crosses it is mandatory that males and females
can be separated from each other without error. Although
there are a number of morphological differences between adult
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females and males, only a few of these can be safely used for
the sexing of flies by beginners.

Sex combs: Put the flies on their backs under the dissecting
microscope and inspect the forelegs. Males have a thick tuft
of hairs on the proximal segment of the tarsus, the so-called
sex comb (see Figure 10). The sex comb is a row of about 10

short, thick, black bristles, located near the distal end of

the front side of the leg. Females lack such a structure.

igure 10. Left foreleg of Drosophila melanogaster. On the
metatarsus (TA) males show the sex comb, which is absent in
females. After Ferris in Demerec (1965).

Once the sex comb has been identified, it can be seen easily
at lower magnification. 1In our experience, the presence or
absence of the sex comb is the safest characteristic to use
to separate the sexes, especially if newly hatched flies have
to be sexed (see below). A list of additional sex differen-
ces is given below:

Genitalia and abdominal coloration: The external genitalia
in the two sexes are very different. The differences can
only be seen at magnification of 25-fold and higher. The
general impression of the male genitalia at lower magnifica-
tion is a prominent dark structure. Females have 7 abdominal
segments. The dark back edge of every segment is visible in
a dorsal or lateral view. Males have only 5 segments. The
posterior part of the abdomen appears black, because the last
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segments are strongly pigmented and form a black region.
These characteristics have to be used with caution for the
identification of the sexes, because newly hatched individu-
als have not yet developed the characteristic pigmentation
and anesthetized males often extend their abdomens and in
this way the coloration of the abdomen appears striped, simi-
lar to that of the females.

h £ th men: The shape of the abdomen, especially
the posterior end, is clearly different in males and fe-
males. In males the posterior end is rounded, whereas in
females the region carrying the anal plates protrudes result-
ing in a characteristic pointed shape.

B ize: 1In general, females are larger than males. But
this is not absolute because the actual body size of the
adult flies is strongly dependent on the feeding conditions
during the larval period.

Length of the wings: The wings of the females are longer
than those of the males, but this feature is not suitable for
sexing the adults.

(2) Newly hatched flies

About two hours after the onset of puparium formation a junc-
tion appears near the anterior spiracle which defines a flat
area of the puparium. This "cover" is called the operculum.
When a fly is ready to hatch, its head is positioned below
the operculum. The head has an inflatable saclike structure,
the ptilinum, on the top, and when hatching starts, the fly
opens the operculum by pressing with the extruded ptilinum.
The anterior and lateral junctions open and the fly can crawl
out of the puparium.

The newly hatched fly looks rather strange. It takes about
an hour until the ptilinum retracts and the head takes on its
final shape. Initially, the wings are tightly folded and
appear as a gray, folded mass. Hemolymph is pumped into the
wing veins and the wings slowly unfold. The wings and the
other parts of the body which are soft at first, harden with-
in the next few hours when exposed to the oxygen in the am-
bient air. Newly hatched flies appear larger than older
flies. Especially the abdomen is noticeably extended and may
show a greenish fecal mass (the meconium) which is defecated
soon after hatching. All the colored parts of the fly darken
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after the fly has hatched. This is first noticeable in the
grayish body color and the black parts of the abdomen. Lat-
er, during the first days of the adult life the eye color
also darkens. Certain eye color mutants are more easily
identified in young flies and others in aged flies.

We have discussed the appearance of the newly hatched fly in
detail because they are often seen if virgins are collected.
The beginner has to learn that these individuals are not mu-
tants, but represent a short stage during the normal develop-
ment of the fly.

Pr rati f r with flies: For the study of
the normal morphology of the adult fly 2- to 6-day-old
individuals from a wild type strain are most suitable. If
cultures are started 9 to 10 days before the lab work, hatch-
ing flies will be available. If at the beginning of the lab
work, all flies are removed from the culture bottles, newly
hatched flies will be available within a short time. Hatch-
ing normally follows a circadian rhythm with more flies
hatching in the morning than in the evening.

In ion of ult £1i
External morphology of the wild type fly: Examine some well

pigmented individuals (2-6 days o0ld) under a dissecting
microscope at 6x magnification. Sketch details of the body
structures and then identify them by comparison with Figure
11. The major parts of the body are:

Head: Identify the compound eyes, ocelli, antennae with ari-
sta, proboscis.

Thorax: Note the pairs of legs, wings, halteres, scutellum.
Abdomen: Examine the segments (dorsal tergites with a black
posterior edge, ventral sternites), exterior genitalia of
males and females.

Collection of virgin females: Examine newly hatched flies
(less than 6 hours old). Try to see all the various charac-
teristics of the newly hatched flies and the sex differences
as explained above. Separate the females from the males.
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2.5 Some Mutants

Material: 2- to 6-day-o0ld flies from various strains are

needed. A mixture of flies is prepared from strains which
will be used for the different experiments and which carry
easily visible mutant traits.

Analysi f m n

Anesthetize the flies and try to identify the various mu-
tants. Always compare with wild type flies. To facilitate
the analysis, a short description of the most important
traits is given below.

Body color: The wild type is gray to brown. Mutants can be
darker, even black. 1In other mutants a lighter, yellow body
color can be found.

Eye color: Wild type eyes are brick red. Mutants can be
brownish or bright red or lighter, i.e. yellowish to white.
Eye shape: 1In addition to eye color the eye shape and size

can also vary. Some examples are given in Figure 12.

Wing size and shape: Among the most easily visible mutants
are those that affect wing size and shape. Some examples are
shown in Figqure 13.

Wing veins: 1In normal flies the wing has a characteristic
pattern of veins. Figure 14 gives two examples of mutations
that affect the wing veination.

Bristles: There is a whole series of mutations that influ-
ence the shape, size and positioning of the bristles. Selec-
ted examples are given in Figure 15.

Make a list and description of the mutants found. Try to
find the proper names of the mutants in the list given in
chapter 1.6.
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ventral view

Fiqure 11. External morphology of adult flies. After Linds-
ley and Grell (1968). An = anus, Ant = antenna, Ar = arista,
E = compound eye, H = haltere, Oc = ocelli, P = proboscis, Pe
= penis, 8 = sternite, Sc = scutellum, T = tergite, Th = tho-
rax, V = vagina.
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+ B/+ B/B ey/ey

Figure 12. Different eye shapes. + : wild type; B/+
Bar heterozygous with kidney-shaped eyes; B/B : Bar homozy-
gous with bar eyes; ey/ey : eyeless homozygous with rudi-

mentary eyes.

&

+ sd dp
c cy

Fiqure 13. Various wing shapes. After Flagg (1975).

q

ri

Figure 14. Wing vein mutants. After Flagg (1975).
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///

+ Sb sv
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Fiqure 15. Bristle mutants. After Flagg (1975).
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3.1 Dihybrid Cross with Independent Assortment

Inheritance is the transmission of genetic information from
parents to offspring. Most of the genetic information is
located on the chromosomes. The principles of chromosomal
inheritance were first discovered experimentally by Gregor
Mendel in 1865 and rediscovered by Correns, von Tschermak and
de Vries in 1900. Mendel's laws describe the basic rules of
simple inheritance:

Law of dominance: When purebred (homozygous) strains differ-
ing in a particular trait and the corresponding allele pair
(a+a+ and aa, respectively) are crossed, the F1

individuals (a+a) are uniform, regardless of the direction

of the cross. The F1 from reciprocal crosses, either

a*a’ females x aa males or aa females x a'a’ males,

usually express only one of the two characteristics (that
controlled by the dominant allele a+) to the exclusion of

the other (the recessive one). This is the law of dominance
also known as the principle of the uniformity of the Fl'

Law of segregation: Recessive characteristics, which are

masked in the heterozygous (a+a) F1 arising from a cross
between purebred strains, reappear in a specific proportion
of the Fz. That is, the members of an allele pair (a+a)
separate from each other without influencing each other, when
an individual forms haploid germ cells. This is the

principle of segregation.

Law in nden rtment: Members of different allele
pairs (e.g. a*a and b+b) assort independently of each

other when haploid germ cells are formed provided the genes
in question are unlinked (located on different chromosomes).
This is the principle of independent assortment.

Problem
Flies from two stocks each differ from the wild type in one

characteristic (wing size or body color). Test experimen-
tally whether or not the two characteristics result from two
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unlinked Mendelian genes. Do this by crossing flies of the

two stocks to obtain an F, progeny. Then intercross the

1

F1 flies to obtain an F2 progeny. This will allow the

detection of independent assortment if present.
Material

From one stock, in which all flies have vestigial wings, you
isolate virgin females. All these females are homozygous for
the recessive allele vestigial (vg/vg) which is located on
chromosome 2 at position 67.0 (2-67.0). From the second
stock, in which all flies have a dark, nearly black body col-
or, males are collected. They are homozygous for the reces-
sive allele ebony (e/e). The ebony gene is located on chro-
mosome 3 at position 70.7 (3-70.7).

Experimental work and interpretation of data

Start work by filling in the available information in the
spaces provided below. Remember that the haploid chromosome
set of Drosophila is made up of 4 chromosomes. We assume
that all genes other than those specifically mentioned are
wild type. Chromosomes carrying no gene of particular inter-
est within the context of the present experiment are also
designated "+". As a symbol for the Y chromosome, which in
normal individuals is present only in males, we use the sym-
bol "Y". For the X chromosome we write "X". Now write down
the genetic formulas of the parental flies (P = parental gen-
eration). Starting from these formulas, determine the types
of gametes formed by the parents.

Genotypes of the P generation Phenotype
Chromosome: 1 2 3 4
?: X/X ; vg/vg ; etset 4 et ee e
g X/Y ; vg+/vg+ ; e/e ; +/+ e ceeeerenn e

The P individuals will produce the following kinds of gametes:
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Predi he gen f th F1 individuals

This is usually done by means of genetic checkerboards (Pun-
nett squares). This is a convenient way of working out all
the possible combinations of different types of eggs from the
female parent and sperm from the male parent. The steps
followed are:

(1) Work out the genotypes of the eggs produced by the female
and write each different genotype in one space horizon-
tally along the top of the diagram.

(2) Work out the genotypes of the sperm produced by the male
and write each different genotype in one space vertically
along the left side of the diagram.

(3) Fill in each square with the genotype of the type of zy-
gote formed by the combination of the egg at the top of
the relevant column and the sperm at the left of the rel-
evant row. Note that by convention, in a heterozygote
the dominant allele is written first (vg+/vg) no matter
which parent donated which allele. Another thing to re-
member is that each different type of gamete is written
only once. The genotype of an individual fly or type of
fly is written as if it consisted of only one cell, the
zygote (or fertilized egg) from which the individual de-
veloped.

Determine the genotype in the different boxes of the checker-
board and give the phenotype and sex of the different classes
of progeny to the right of the diagram. We expect the fol-
lowing Fl (first filial generation) progeny:

g ?

N R A N A A N R I
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By interbreeding the F1 (brother x sister cross) we obtain
the F2 (second filial generation). In our future work we
will concentrate on the genes which are of particular inter-
est for a given cross. In the present case, these are the
genes determining wing size and body color of the flies. The
simplified notation of the genetic formulas for the cross

leading to the F2 is:
................. X teseesssseseessns
Working out the different kinds of gametes each parent will

form

To predict the results of any genetic cross, the first step
is to work out the genotypes of all the different kinds of
gametes which each parent can form. It is important to re-
member that each gamete must include one allele of each dif-
ferent gene. Each different combination should be included
only once, and all combinations must be present. A simple
method to make sure of forming all combinations is to make a
branch diagram. A locus which is homozygous produces only
one kind of allele, while one which is heterozygous produces
two kinds. For example the hypothetical genotype a+/a;

b/b; c*/c would be diagramed as follows:

/a+_—
\a —_—

To check that all possible combinations have been included,
apply the formula: no. of gamete types = 2" (where n = no.
of heterozygqgous loci). In the example above, three loci are
included but only two are heterozygous, and therefore n = 2
and the number of kinds of gametes is 4.
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Now diagram the different kinds of gametes expected from the

F1 individuals in your experimental cross as given above:

The different kinds of gametes are entered into the next
checkerboard, which is used to determine the expected geno-
types of the F2 progeny.

?
d

Pr r

The times given below in parentheses refer to the course of
the experiment if practical work can only be done weekly.

D w 1): 4-day-old virgins of the vg stock are mated
to e males. Prepare two vials with two pairs of flies in
each one.
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Day 4 (week 2): The parental flies are removed from the

vials.

Day 12 (week 3): Check the F1 progeny. Are all the flies
phenotypically uniform? The flies do not have to be coun-
ted. For the next cross we select at random two pairs of

flies and put them into a new vial.

Questions:

(a) Why is it mandatory to remove the P flies from the vials
on day 4 or at least before the F1 hatch?

(b) 1Is it appropriate to start an F2 cross with nonvirgin
F1 females? What problems might result if F1 females

have already mated with their F, brothers?

1

Day 15 (week 4): The parental individuals are removed from
the vials.

Day 23 (week 5): The F2 progeny are classified according
to phenotype and counted.

Questions:

(c) How many different genotypes are expected?

(d) What ratio do you expect for the different phenotypes?
Record your answers in the following table.

Genotype

Wing size
Phenotype
Body color

Expected ratio

Fly count Total:

Observed ratio
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In the experimental work, the flies of the F2 generation

are classified according to their phenotype and counted. For
each fly the size of the wings and the body color are recor-
ded. The sex of the flies is not registered. The numbers
found are entered in the table.

Questions:

(e) Do you find all the different F2 phenotypes which are
theoretically expected?

(f) Does the observed ratio of phenotypes coincide with the

theoretical expectation?

To answer the last question, we must analyze our data statis-
tically. The agreement between the expected and the observed
frequency of individuals in the different phenotypic classes
can be measured by a Chi-square test. The Chi-square is de-
fined as:
chi2 = S[(o-e)2/e]
The symbols denote:
S the sum over all classes,
the observed number of individuals in a particular class,
e the expected number of individuals in this class. The
expectation is based on the prediction found by applying
Mendel's laws. The expected number is calculated by mul-
tiplying the expected fraction by the total number of

flies counted.

In our case with four different classes the Chi-square values
for different probabilities, P, describing the agreement be-
tween experiment and expectation are given in the following
probability table:

P = 0.99 0.975 0.95 0.90 0.80 0.70
Chi2 = 0.115 0.216 0.32 0.584 1.005 1.424
P = 0.5 0.3 0.2 0.1 0.05 0.01
Chi2 = 2.366 3.665 4.642 6.251 7.815 11.34

To have large enough numbers for the statistical analysis the
data from all students are pooled. Using the table shown
below, we calculate the Chi-square value. The Chi-square
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value is located in the probability table above and the cor-
responding P value read. The P value is the cumulative prob-
ability of a deviation from the expected as large or larger
than that observed. Conventionally, in biology one assumes
that P values below 0.05 (= 5%) indicate a significant devia-
tion of the observation from the expectation. The difference
is larger than what would be expected to occur in experimen-
tal work, simply by chance. In such a case one assumes that
the observation is different from the expectation. For fur-
ther details see textbooks.

Observed numbers
(=0)
Total = ....

Expected numbers

(=¢e)

(o-e)

(o-e )2

(o--¢e )2 / e

Chi? = S[L(o0-e)2/e1 = evunerunnennn

P Z e eeerccerssennne

Interpret the observed Chiz. In case the observation de-
viates significantly from the expectation, try to find rea-
sons for the deviation. Summarize the result of the experi-

ment in a few sentences.
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3.2 Sex-Linked Inheritance

Mendel's law of dominance predicts that hybrids from recipro-
cal crosses are identical and uniform. Due to the hemizygos-
ity of sex-linked genes in males, these genes behave differ-
ently in reciprocal crosses.

Problem

Determine the difference in the progeny of reciprocal crosses
when a sex-linked (X-linked) gene is analyzed.

Material

A wild type strain with normal red eyes and a strain with
white eyes due to the mutation white (w, 1-1.5; genotype of
the females X, w/X, w, genotype of the males X, w/Y). Col-
lect virgin females and males from both strains.

Experimental work and evaluation

Carry out the two reciprocal crosses between flies with
normal red eyes and flies with white eyes.
Cross A Cross B
+ w w +
- 7 - 7

+ w
Note: =7 is used to represent the Y chromosome.
What types of progeny are expected in the Fl in the two
cases?

ross A Cross B
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Phenotype (sex and eye color):
ross A Cross B

....................

Examine the progeny of the two crosses A and B.
Interpret the results:

Literature
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3.3 Dihybrid Test Cross with Linked Genes

Two genes which are located on the same chromosome are re-
ferred to as linked, because they are often transferred to-
gether to the progeny. The closer to each other the two
genes are, the closer the linkage is. As a relative measure
for the distance between two linked genes one uses the fre-
quency of meiotic recombination due to crossing over between
the genes. This can be measured in females, which are double
heterozygotes for these genes.

Problem

Determine the map distance between two recessive genes on the
X chromosome.

Material

Collect virgin females from a strain in which all the flies
have white eyes and cut wings. Collect males from a wild
type strain.

Experimental work and evaluation

The cross to be made reads as follows (X and Y are the sex

chromosomes) :

not of the P neration Phenotype
?: X, wect /7 X, wect et teeeteieeeteesees
g : X, wett 7 v

The P individuals produce the following kinds of gametes:
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Determination of the F1 genotypes

?
Phenotype
d Phen
(eye color, wing form

and sex)

T or k ¢cr

We cross the heterozygous Fl females again with double mu-
tant males, i.e. with males carrying the same markers as the
P females. Since the genes used in this cross are sex-
linked, this can be done by intercrossing the F1 flies.

The cross reads as follows:

In Drosophila melanogaster meiotic crossing over between ho-
mologous chromosomes takes place only in females. Crossing

over is completely absent in meiosis in the male. Enter the
expected gamete types directly in the following diagram.

Without recombination With recombination
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Enter the expected phenotypes in the table below. Classify
and count the flies:

Genotype

Eye color
Phenotype

Wing size

Expected ratio

Fly count

Based on the number of flies which show recombination between
w and ct, the distance between the two genes can be calcu-
lated as follows:

Number of flies with recombination (100)
Total number of flies counted

Interpretation:

Literature
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3.4 Sex Determination

Various mechanisms of genotypic sex determination are known.
We shall only deal with the situation found in Drosophila
melanogaster, which is different from that in mammals even
though both have XX females and XY males. As you have al-
ready seen in the experiment "Dihybrid cross with independent
assortment", the normal sex chromosome configuration in Dro-
sophila is two X chromosomes in the female and an X and a Y
chromosome in the male. The Y chromosome is completely dif-
ferent from the X chromosome both morphologically and with
respect to its genetic content. Due to the fact that XX fe-
males produce only one type of gamete with respect to the sex
chromosomes (X-bearing oocytes), they are called homogamet-
ic. The XY males are heterogametic because they produce two
different types of gametes (X-bearing and Y-bearing sperm).
Bridges (1925) showed that the presence or absence of the Y
chromosome does not determine the sex. Because female-deter-
mining genes are located on the X chromosome and male-deter-
mining genes on the autosomes, sex in Drosophila is deter-
mined by the ratio between the number of X chromosomes and
the number of sets of autosomes. This ratio can be expressed
by the sex index, I, which is defined as follows:

Number of X chromosomes

Number of sets of autosomes

A set of autosomes consists of the haploid set of autosomes
(one each of chromosomes 2, 3 and 4). Based on the sex in-
dex, I, the sex is as follows:

I Sex
> 1.0 meta female
1.0 female
1>1I>0.5 intersex
0.5 male
< 0.5 meta male

Unlike the situation in higher animals, where secondary sex-
ual characteristics are usually determined by levels of cir-
culating sex hormones, in Drosophila the sex of each cell is
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determined by its chromosome constitution. It is possible to
get exceptional individuals where a sector or even a half of
the body is one sex and the remainder the other sex (gynan-
dromorphs). For example an XX individual which had lost one
X chromosome in a cell in the early embryo, would have a
clone of cells in the body in which the sex index was 0.5
(male) in an otherwise XX female body (I = 1).

To illustrate this rule we can diagram three different cros-
ses. This will show further phenomena in connection with
chromosome segregation. In these three crosses we will only
consider the segregation of the sex chromosomes and assume
that the autosomes are diploid.

a. Compound romosom

Drosophila strains are available in which either two X chro-
mosomes or an X and a Y chromosome are stably joined in a
so-called compound chromosome. These compound chromosomes
are also called attached-X (XX) and attached-XY (X¥), respec-
tively. As these compounds are stable, two new types of ga-
metes are produced in meiosis as compared to the normal seg-
regation of two free sex chromosomes: gametes which contain
the compound chromosome and gametes lacking any sex chromo-
some.

The following cross is performed:

w == +
? X - d XY w
X ::
w
white eyes red eyes

The X chromosomes of the female carry the allele white (w,
1-1.5), the attached-XY of the male contains the normal wild
type allele w?. Remember that a normal Y chromosome does
not carry an allele of wh.

Gametes of the female: ......iieveeeeececns N

----------------

Gametes of the male: cedceseeee ceseceaeen
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Work out the F., genotypes:

1

Predict the eye color, and with the help of the sex index, I,
the sex of the progeny.

I Sex Eye color
Phenotype: 1l i it it i i ceieeeteenene
2 ceene cecersetssenes Ceeeees cieee e

The progeny obtained are red-eyed females and white-eyed
males. The females contain an extra Y chromosome in addition
to the two X chromosomes (Xf?); the males, however, contain
only one X chromosome (X0). Note that the absence of a ¥
chromosome is denoted by an "0". Females with an additional
Y chromosome are viable and fertile, whereas X0 males are
viable but sterile. '

b. Primary nondisjunction

Primary nondisjunction is the rare failure of segregation of
two homologous chromosomes in meiosis. The spontaneous non-
disjunction frequency is approximately 5::10_5 per chromo-
some in Drosophila. Such a nondisjunction event leads to the
formation of one gamete with both homologous chromosomes and
of another without the chromosome concerned. We can illus-
trate the consequences of primary nondisjunction in female
meiosis with the help of a second hypothetical cross:
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? X w - ¢ X wt
X W Y 7
white eyes red eyes

Gametes of the female: normal:

nondisjunction: .......cc0c00cennennn
Gametes of the male: NOIMAL: . .iiivruessonnonsonsoonsoonns
normal nondisjunction
?
d
1 3 5
2 4 6
I Sex Eye color
Phenotype: 1 i i ittt e st ettt
2 i it et ei ettt et et e
e
L
D it ittt ettt e e
6

In addition to the normal red-eyed XX females and white-eyed
XY males, the following flies will occur rarely as a conse-
quence of primary nondisjunction: Red-eyed X0 males and
white-eyed XXY females. The combination Y0 is lethal; in
Drosophila all sex chromosome configurations without an X
chromosome are lethal. The combination XXX leads to a meta
female; these are, however, practically lethal (survival rate
less than 0.5%). A surviving meta female would be sterile.
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ndary nondisjunction

This term describes the normal segregation of chromosomes in
a trisomic (2n + 1) genotype where an extra chromosome is
present. In meiosis of such an individual four different
types of gametes are produced. As an example we will analyze
the cross between a white-eyed XXY female from the second

cross and a normal male.

+
X Lij X —2
? X L x é ¥ ———
Y_ﬁ
white eyes red eyes
Gametes of the female: .........iiiiiitieitnereeeeeennnenennns
Gametes of the male: ...ttt teieieeeeensseeoennosenns
6 9
1 3 5 7
2 4 6 8
I Sex Eye color I Sex Eye color
1 ettt S ettt
2 i ittt icettc et 6 ettt et
3 e C et e ettt /2
4 ...... C et et ie et 8 ...... Cetcee ittt

Eight different sex chromosome confiqurations are produced.
In this cross two of them are lethal (XXX and YY). The other
six are red-eyed females (XX and XXY), red-eyed males (XY),
white-eyed fémales (XXY) and white-eyed males (XY and XYY).
The flies which carry an additional Y chromosome are not dis-
tinguishable from the other flies.
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This secondary nondisjunction plays an important role in the
chromosome segregation in a triploid strain.

Problem

Trjiploid strain: In Drosophila melanogaster triploid females
are viable and fertile. A triploid strain is the result of a
continuous crossing of triploid females with normal diploid
males. In the example below the triploid females contain a
compound-X chromosome (XX) and a free X chromosome in addi-
tion to three sets of autosomes. The continuous culture of a
triploid strain is difficult and tedious. Therefore, we will
work out a problem to illustrate the principles involved.
Analyze the following cross; the 4th chromosome is deleted
for simplicity.

X
B dmy 2 3
<< ] 3
Y :
2 3
? vyellow body, apricot d yellow body, red Bar
Bar eyes, normal bristles eyes, short bristles

The X chromosomes carry the following markers:

y yellow (1-0.0); yellow body color.
wo white-apricot (1-1.5); apricot eye color.
dm diminutive (1-4.6); short and thin bristles

(dm/dm females are sterile).
B Bar (1-57.0); Bar eyes.
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Depending on the genotype the following eye shapes are
produced:

+/+ B/+/+ B/+ B/B and B/Y

In this cross the segregation of the large autosomes has to
be considered as well (secondary nondisjunction in triploid
females!). How many types of gametes are produced by the
triploid female? Enter the gamete types immediately in the
checkerboard on the next page and determine the genotypes of
the progeny. Designate all the lethal combinations; take
into account that monosomy for one of the two large autosomes
(2 or 3) is lethal. Such incomplete combinations are called
aneuploid. How many combinations are lethal?

Afterwards determine the expected sex of the surviving
progeny with the help of the sex index, I. Enter the
genotypes in the table below and determine the phenotypes.
Which flies are sterile? Can all the fertile flies be used
for a continuous culture of a triploid strain?
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Genotypes I Phenotypes
Sex Eye Body Ferti-
color shape | color lity
Literature
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3.5 Genetic Localization of Mutations Within the Genome

A central problem in genetic investigations is the analysis
of new, unknown mutations. 1Initially one assumes a new muta-
tion when a mutant phenotype appears. 1In crosses we deter-
mine first whether the mutant phenotype is heritable or whe-
ther it is a phenocopy or developmental defect. If the mu-
tant character proves to be a simple Mendelian factor, one
tries to characterize it with respect to dominance, viabili-
ty, fertility, etc. The next step of the analysis is to at-
tempt to localize the gene within the genome: One determines
the linkage group (i.e. the chromosome) to which it belongs
and then where it lies on that chromosome. The localization
(map position) is established with the help of recombination
experiments. In Drosophila these problems can be solved with
comparatively simple crosses using suitable genetic markers.

Since genes are located on chromosomes they follow the behav-
ior of chromosomes in cell division. Homologous chromosomes
segregate from each other during meiosis. Different genes
located on the same chromosome tend to be inherited together,
i.e. they form a linkage group. The segregation of one pair
of homologs does not influence the segregation of a different
pair, therefore a pair of alleles located on one particular
chromosome pair will assort independently of a pair belonging
to a different linkage group.

The assignment of a particular linkage group to a particular
chromosome recognizable cytologically involves the study of
the phenotypic effects of genes together with observable
structural differences in chromosomes (cytological studies).
Once some genes have been assigned to a particular chromo-
some, others can be assigned to the same chromosome by demon-
strating linkage to a gene of a known linkage group. For
example, if we know that gene a is on chromosome 2 and can
show that gene b is linked to gene a, then we can deduce that
gene b is also on chromosome 2. Since crossing over sepa-
rates linked genes, such determinations depend on the genes
being close enough together to demonstrate linkage statisti-
cally unless crossing over can be suppressed.
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In Drosophila there are special marker lines available which
allow the determination of the linkage group of any gene.
One such line is the Cy/Pm; H/Sb line. Cy (Curly wings,
2-6.1) and Pm (Plum eye color, 2-104.5) are both dominant
markers located on the 2nd chromosome. Both are lethal in
homozygotes and in this strain are found on chromosomes car-
rying large complex inversions which effectively eliminate
the recovery of chromatids which have resulted from crossing
over in heterozygotes (balancer chromosomes, see experiment
7.2). H (Hairless, 3-69.5) and Sb (Stubble, 3-58.2) are also
homozygous lethals and associated with inversions. The com-
plete genotype of the Cy/Pm; H/Sb line for the 2nd and 3rd
chromosomes is:

2 3
Cy + H +
+ Pm + Sb

Since the effects of crossing over between these chromosomes
are eliminated, the Cy chromosome always segregates from the
Pm, and H segregates from Sb. Independent assortment is nor-
mal so that the gametes formed have all combinations of 2nd
and 3rd chromosomes (Cy with H, Cy with Sb, Pm with H, and Pm
with Sb).

This line is used to cross with a homozygous line of a gene
of unknown linkage group, and Fl individuals are test
crossed. The dominant markers show the presence of particu-
lar 2nd and 3rd chromosomes, and the test cross progeny ob-
tained will demonstrate segregation of the unknown gene from
a marker gene belonging to the same linkage group and inde-
pendent assortment with a marker belonging to a different
linkage group. In the test cross results, if two markers are
segregating from each other, every phenotypic class will have
either the one or the other. No class will have both, and no
class will have neither. 1If two marker genes are assorting
independently, all combinations are possible (both mutants,
one mutant only, the other mutant only, neither mutant).

In practice it is easy to assign genes located on the X chro-
mosome to the correct linkage group because of the unique
pattern of sex-linked inheritance (see experiment 3.2); so
the only problem arises with autosomal genes. By using mar-
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ker genes on chromosomes 2 and 3, the position of any gene
may be determined: A gene on 2 will segregate from the 2nd
chromosome marker and assort independently with the 3rd chro-
mosome marker; a gene on 3 will segregate from the marker on
3 and assort independently with the marker on 2; and a gene
on 4 will assort independently with both markers.

Problem

Localize an unknown recessive mutation on one of the three
autosomes.

Material

Virgin females of an unknown mutant and males of the Cy/Pm;
H/Sb strain are needed.

Note to instructors: Each student may be given a different
autosomal recessive mutant with an easily identifiable pheno-

type (e.g. b, e, se, spap°1, vg, etc.).

Experimental work and interpretation

Day 1 (week 1): Examine and record the phenotype of your
unknown mutant and the phenotypes of the four dominant mark-
ers.

Cross the females of your unknown line with the Cy/Pm; H/Sb
males. Prepare two vials with several pairs of flies in each.
Day 4 (week 2): Remove the parents from your cross vials and
examine them to refresh your memory as to the phenotype of
your mutant.

Day 12 (week 3): You are going to use one of the four dif-
ferent phenotypic classes expected in the F1 as the male
parent for the test cross. Your choice of class should be
such that the phenotype of the marker genes chosen will not
interfere with the classification of your unknown in the next
generation. For example, if your unknown was an eye color,
do not choose a class carrying Pm, if it was a wing charac-
teristic, do not choose a class carrying Cy.
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Anesthetize the F1
Choose 4-6 males of the class you wish to use as parents for

being careful not to kill the flies.

the test cross and transfer them to an empty vial. Record
the phenotype used.

Phenotype of males for test cross: teeeseesseeaa e s aseesane

Examine the F1 progeny and record the four classes present:

Class 2nd _chromosome marker 3rd chromosome marker
1
2
3
4

Make the test cross by crossing virgin females of your un-
known mutant line with the F1 males of the class chosen.

Set up two vials with several pairs of flies in each. Using
u as a symbol for your unknown mutant, write the genotype of
the cross made for all three genes involved (your unknown,
the chosen 2nd chromosome marker and the chosen 3rd chromo-
some marker).

ceeeccs s s e es s e X R R R R RN I I A

Day 1 week 4): Discard the parents from your cross vials.
Day 2 week : Classify the test cross progeny and con-
struct a table showing the different phenotypic classes ob-
tained.
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Questionsg:

(a) Did your unknown mutant segregate from the 2nd
chromosome marker?

(b) Did your unknown mutant segregate from the 3rd
chromosome marker?

(c) Did your unknown mutant assort independently of the
marker on chromosome 2?

(d) Did your unknown mutant assort independently of the
marker on chromosome 3?

(e) To which linkage group does your unknown gene belong?

Liter r

MORGAN, T.H.: Random segregation versus coupling in Mende-
lian inheritance. Science 34, 384 (1911). 1In: Papers
on Genetics. A Book of Readings (ed. L. Levine). St.
Louis MO: Mosby Comp. 1971.
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3.6 Mapping on a Chromosome

Gene mapping is based on the principle that genes located on
the same chromosome are separated from each other by crossing
over during meiosis, and furthermore that the frequency with
which crossing over occurs in a particular region of the
chromosome is a function of the length of that region. The
further apart two genes are, the higher the probability that
they will be separated by crossing over. The unit of dis-
tance on genetic maps is one per cent recombination (one cen-
timorgan). If two genes are 15 map units apart, this means
that a female fly heterozygous for the two genes on average
will produce eggs of which 85% will have the two genes in the
same arrangement on the two chromosomes as they were in the
cells of the female (the parental types) and 15% will have a
new arrangement (the recombinant types).

For example, if a female heterozygous for two hypothetical
linked genes a and b had one chromosome carrying the two mu-
tant alleles and the other homolog carrying the two wild type
alleles, we could represent the chromosomes as follows:

a b

+ +

After meiosis, the chromosomes passing into gametes would be
of two types and each type contains two complementary classes:

85% parental types 42 .5% a b
(no recombination

between a and b) 42.5% + +
15% crossover types 7.5% a +

(recombination
between a and b) 7.5% + b

The arrangement of the genes shown above, where the two mu-
tants are on one chromosome and the two wild type alleles on
the other, is known as the coupling or cis configuration. A
heterozygote may also have the genes arranged with one mu-
tant on the same chromosome as the wild type allele of the
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other gene. This is known as the repulsion or trans configu-
ration. With the genes arranged in that way, the classes a +
and + b would be the parental types and a b and + + the re-
combination classes.

The three point test

When a test cross involving three or more linked genes can be
made, then information about the order of the genes as well
as their distances from each other can be obtained.

Suppose that we had information from a test cross of a triple
heterozygote but did not know the order of the three genes or
how they were arranged on the chromosomes. With three genes,
we will have four different kinds of classes with respect to
recombination: Two classes will be the parental types.

These will always be the largest classes. Another pair of
complementary classes will be formed by gametes from the het-
erozygote that have undergone a single crossing over between
the left gene and the middle one, and the third type will be
the two classes resulting from single crossing over between
the middle gene and the right one. The fourth type expected
would result from chromosomes in which there had been cros-
sing over in both regions under study, the so-called double
crossover classes. These will normally be the smallest clas-
ses. The single crossover classes will be intermediate in
size between the parental classes and the double crossover
classes. This information allows us to determine the ar-
rangement of the three genes and their order on the chromo-
some.

An example will show how this is done: Since the phenotype
of each class in the test cross progeny is the same as the
genotype of one product of meiosis from the heterozygous par-
ent and two homologous chromosomes participate in crossing
over at meiosis, the first step is to group the classes into
complementary pairs and sum their totals.
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Test cross data

Original data Grouped data

Phenotypic No. of Phenotypic No. of Pairs of

class indiv, class indiv. classes

atp*ct 5 atptct 5

atpte 183 abec 3 8 smallest

a*b c* 48 a*b*c 183

atb ¢ 19 abet 175 358 1largest

a btc* 23 a*p ¢* 48

a bte 44 a btc 44 92 intermed.

abct 175 a b*ct 23

abec 3 a*b ¢ 19 42 intermed.
Total 500

Now, knowing that the largest pair must represent the par-

+
and ¢ must have been

ental types, we can see that a+, b
present on one homolog and a, b and ¢t on the other, but

the order is still uncertain. There are three possibilities:

a+b+c or atc bt or b+a+c
ab cI achb b act

Knowing that the two smallest classes are atb*c? and a b ¢
and that these must have undergone double crossing over, we
can work out that there is only one of the three possible
arrangements that will produce the two smallest classes by
double crossing over. Since exchanges both to the left and
to the right of the middle gene result in the movement of the
middle gene from the one chromosome to the other, we can de-
duce the correct order by comparing the parental classes with
one of the double crossover classes. One of the parental
classes will always be identical to one double crossover
class so far as two of its genes are concerned. These must
be the end genes, and the third gene which has a different
allele must be the middle locus.

+
and ¢

From our example, the parental classes had a+, b
on one homolog and a, b and ct on the other. Comparing one

double crossover class a b ¢ to these, we can see that it is
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jdentical to a b ¢ for the alleles of a and b but carries

a different allele of c. From this we deduce that the c lo-
cus must be in the middle between a and b. This is the only
arrangement of the three shown above that will produce the
double crossover classes by exchanges in the two regions.

Now we rewrite the genes in the correct order and identify
the type of events that gave rise to each pair of complemen-
tary classes.

The parental chromosomes were:

ac’p
a*c bt
Single crossing over between the a and c loci will give:
acbt
a c'p ////’ -
>
atc bt \\\\\\ —_—
a*tc*p
Single crossing over between the ¢ and b loci will give:
a c'pt
ac'p / -
=
atc bt \
atce b
Double crossing over will give:
achb
ac'o ///"
X
a*tc bt \\\\\
atctpt

Now the map distances can be worked out. Since one map unit
equals one % recombination, the distance from a to c is the
sum of all the classes which have had recombination between a
and ¢ divided by the total and expressed as a percentage.

Recombination a to ¢ =

single c.o. (a-c) + double c’°‘(100)
total

= 92 + 8
500

(100) = 20



89

Recombination ¢ to b = single c.o. (c-b) + double c'°‘(100)

total
= 42 + 8
500

(100) = 10

We can now construct the chromosome map for this region of
the chromosome. Note that only the locus designations and
not particular alleles are shown on the map.

a «~ 20 - ¢c+~10-D)
1 1 1

Problem

Construct a gene map for three sex-linked genes.

Material

Virgin females carrying the three markers w (white eyes), m

(miniature wings) and f (forked bristles). Males of a wild
type strain.

x im 1 work i rpr i
Day 1 (week 1): Cross virgin females of the strain wm f
with w' m* £* males in a bottle.

Day 4 (week 2): Discard the parents from the bottle.

Day 12 (week 3): Examine the phenotypes of the F1 genera-
tion. The females are all heterozygous for the three genes,
and the males are hemizygous for the three recessive genes.
For this particular type of cross with sex-linked genes, the
Fy intercrossed give a test cross. Transfer about 10
females and 10 males from the F, to a fresh bottle.

1
Day 15 (week 4): Discard the flies from the bottle.
Day 23 (week 5): Classify the test cross progeny into the 8

expected phenotypic classes. Fill in your results in the
table on the next page.
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Results
Class Phenotype Number Type of event
Eye Wing Bristle of flies
1 w m f
2 + + +
3 w + +
4 + m f
5 w m +
6 + + f
7 w + f
8 + m +
Total:

In this experiment the parental classes are known because of
the way in which the cross was made.

Were the parental classes the largest? .......... cete e
Can you confirm that the gene order is correct as given? ....
In the table above, f£ill in the type of event that occurred
to produce the maternal X chromosomes of the individuals in
that class (no c.o., single c.o. w-m, single c.o. m-£f, double
c.0.). Use the data from the table to construct a chromosome
map for the three genes.

Literature

STURTEVANT, A.H.: The linear arrangement of six sex-linked
factors in Drosophila, as shown by their mode of associa-
tion. J. Exp. Zool. 14, 43-59 (1913). 1In: Classic
Papers in Genetics (ed. J.A. Peters). Englewood Cliffs
NJ: Prentice-Hall 1959.
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3.7 Segregation of Compound Chromosomes

Translocations involving whole chromosome arms are extreme
cases of chromosome aberrations. This experiment will demon-
strate the specific consequences of such aberrations when
whole arms of homologous chromosomes have been exchanged.

The diagram below shows the generation of compound chromo-
somes of the second chromosome in Drosophila. 1In the diagram
L stands for the left or short arm and R for the right arm.
The circle represents the centromere and the thick regions
centromeric heterochromatin where the breaks occurred.

2L 2R 2L 2R 2R
! (2 i px px
i px i pX 22
2L 2R 2L 2R 2R

original homologous chromosomes break broken ends rejoin

chromosomes near the centromeres producing translo-

cation

In a diploid cell the two second chromosomes carry the marker
j (=jaunty) on the left arm and the marker px (=plexus) on
the right arm. A chromosome break is induced in the hetero-
chromatin to the left of the centromere of one chromosome.

In the homologous chromosome a corresponding break is induced
in the heterochromatin to the right of the centromere. The
broken ends now rejoin exchanging. In this way two new chro-
mosomes are created, so-called compound chromosomes. They
carry two homologous chromosome arms attached to one cen-
tromere. The two arms are attached in a mirror image way;
therefore such a compound chromosome is called a "reversed
metacentric” (RM). The genetic description of the one com-
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pound chromosome shown above is: C(2L)RM, j. The symbols
mean: C = compound, 2L = left arm of chromosome 2, RM = re-
versed metacentric. After the comma the genetic markers are
given (here j = jaunty). 1In an analogous way the compound
chromosome with the marker plexus is designated as C(2R)RM,
px. It is important to realize that the diploid chromosomal
information content of the cell has not been altered by this
specific type of chromosome rearrangement. No chromosomal
material has been lost; therefore the cell remains viable.
Only the linkage conditions have been changed. Serious con-
sequences of such chromosome aberrations will only appear
when the chromosomes segregate in meiosis and fertilization
takes place. The compound of the left arm and the compound
of the right arm of chromosome 2 can now segregate as inde-
pendent chromosomes. This may lead to the formation of an-
euploid zygotes.

Problem

Three different crosses are made involving flies that carry
either normal or compound second chromosomes. A comparison
of the results of the three crosses should allow us to answer
the following questions: What are the consequences of the
presence of compound autosomes for the progeny? How do the
compound chromosomes segregate in the two sexes?

Material

For the three crosses virgin females and males are collected
from the following strains:

1) wild type

2) C(2L)RM, j ; C(2R)RM, px

3) C(2L)RM, b ; C(2R)RM, cn.
The markers used are:

jaunty (j, 2-48.7) curved wings
plexus (p, 2-100.5) additional veins on wing
black (b, 2-48.5) black body color

cinnabar (cn, 2-57.5) light red eye color
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E imental work an nalysi
As a preparation for the experiment we first have to work out
which types of gametes are produced when a compound autosome

is present. In the following diagram, enter the types of
oocytes a female with the genotype shown will produce:

Genotype: 2L 2R
X o 3L 3R
X 3L 3R
2L 2

Expected oocytes:

airu

Give reasons for this expectation.

The three different crosses to be made together with the
checkerboards are given below. Since all other chromosomes
are normal, we need consider only the second chromosomes.

Cross 1
? C(2L)RM, j; C(2R)RM, px x ¢ wild type
BX-or 2L+ o+ 2R
px 2R 2L+ + 2R
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Cross 2
? C(2L)RM, j; C(2R)RM, px x & C(2L)RM, b; C(2R)RM, cn
?
d
Cross 3

For this cross we collect progeny from cross 2.
? C(2L)RM, b; C(2R)RM, px x J C(2L)RM, j; C(2R)RM, cn

?
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In the following table, list all the phenotypes of the pro-
geny which are expected in each cross together with their
expected relative frequencies.

To make the crosses, establish the cultures as follows:

Day 1 (week 1): Two virgin females and two males are placed
in each vial.

Day 4 (week 2): Discard parents.

Day 12 eek : Classify and count the progeny. Collect
the appropriate virgin females and the males for cross 3 from
the progeny and transfer to fresh vials. Enter the pheno-
types found and their frequencies in the table below. Do all
the expected phenotypes occur? What are possible reasons for
discrepancies between expectation and observed frequencies?
How do the compound chromosomes segregate in the two sexes?

Cross|Phenot.: + + j px j cn b px b cn
expected
1
observed
expected
2
observed
expected
3
observed
Literature
HOLM, D.G.: Compound Autosomes. In: The Genetics and

Biology of Drosophila, Vol. 1b (eds. M. Ashburner and E.
Novitski). London: Academic Press 1976.

HILLIKER, A.J., APPELS, R., SCHALET, A.: The genetic ana-
lysis of D. melanogaster heterochromatin. Cell 21,
607-619 (1980).



96

3.8 Meiotic Mutants

Initially the sequence of events during the meiotic divisions
was interpreted based on observations with the light micro-
scope. Today it is possible to investigate the meiotic pro-
cesses with electron microscopy and with biochemical meth-
ods. Due to the fact that the essential processes of meiosis
are also under genetic control, the so-called meiotic mutants
help to analyze and understand various aspects of meiosis.
After the discovery of the first meiotic mutant in Drosophila
in 1933 such mutants were also discovered in various other
organisms: yeast, Neurospora and other lower eukaryotes,
higher plants (e.g. maize), as well as a large number of new
mutants in Drosophila (Baker et al. 1976). Meiotic mutants
of Drosophila melanogaster exhibit characteristic distur-
bances in specific steps of meiosis. These disturbances lead
in most cases to reduced fertility and/or viability of the
affected flies. Using a mﬁtant in which female meiosis is
disturbed we are able to analyze two aspects: 1) The influ-
ence on meiotic chromosome segregation, which is expressed in
altered disjunction conditions, and 2) the influence on mei-
otic crossing over. For this purpose, in specific crosses we
can observe the frequencies of nondisjunction of the X chro-
mosomes as well as the rates of crossing over between two
distant X-chromosomal markers. 1In parallel crosses we com-
pare the same phenomena in wild type females and in females
with the mutation mei-9. The mutation mei-9 is recessive and
located on the X-chromosome at locus 6.0. Of the several
alleles known, we will use the two alleles mei-92 and

Ll. Biochemical investigations have shown that the

mei-9
mei-9 mutants not only exhibit disturbances in meiosis but
also possess an increased sensitivity to the toxic and muta-
genic effects of several chemical mutagens. This increased
sensitivity is caused by a defect in cellular DNA excision

repair.
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Material

The following five strains are needed:
1) wild type 4) vy w® mei-92
2) B 5) ymei-9Pt cv s y* ¥ B
3) mei—9Ll

S

Problem 1: Influenc f the mei-9 mutation on nondisjunction

frequencies

We wish to determine the frequencies of the exceptional phe-
notypes caused by nondisjunction of the X chromosomes among
the progeny of normal wild type females and among the progeny
of mei-9 females. 1In order to have comparable situations,
the two types of females are crossed with the same males.

The X chromosomes of the mei-9 females carry the genetic
markers y (yellow, 1-0.0; yellow body color), wd (white-
apricot, 1-1.5; apricot eye color) and the mutation mei-92
(meiotic-9, 1-6.0; disturbances in meiosis and defects in DNA
excision repair). The tester males carry an X chromosome
with the dominant marker B (Bar, 1-57.0; Bar eyes). The dif-
ferent Bar phenotypes have been explained in experiment 3.4.
Fill in the gametes and the expected progeny genotypes in the
checkerboards below.

Cross A:
? wild type b4 d X, B/ Y

nondisjunction (ND)
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Cross B:
? v w® mei-92 / y w? mei-92 b 4 §d X, B/Y

nondisjunction (ND)

Record the results of your experiment below.

Results

XXY 9 X0 & Total ND

XY ¢
Series @ O O U (%)

wild
type

mei-9

The frequency of nondisjunction is calculated as:
ND (%) = (XXY + X0) . 100 / (XX + XY + XXY + X0)

Conclusions

What effect did the mei-9 mutant have on nondisjunction?
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Problem 2: Influence of the mei-9 mutation on crossing over
frequencies

In this experiment we determine the frequencies of crossing
over between the marker genes y (yellow, 1-0.0; yellow body
color) and cv (crossveinless, 1-13.7; wings without cross-
veins). 1In order to establish the influence of the mei-9
mutation, we perform the experiment with wild type and mei-9
females in parallel. The females in which we want to record
the frequencies of crossing over have to be heterozygous for
the markers y and cv on the one hand and heterozygous or ho-
mozygous, respectively, for mei-9 on the other hand. To
achieve this we use the following males for both crosses: y

L1 cv / y+ Y BS. The marked Y chromosome (with

the markers y+ = wild type allele of yellow and BS = an

mei-9

extreme Bar allele) allows the recognition of XXY females

that might appear in the F, by their reduced eye size.

These females have to be eicluded from further use because
they produce abnormal progeny.

First examine the schematic cross diagramed below. The sym-
bol 9 is used as an abbreviation for mei—QLl. Now work out
the phenotypes of the four male classes in the F2 (indepen-
dent of the mutation mei-9). The recombination frequencies

can be determined directly with the F_, males because they

2
are hemizygous for the X chromosomes derived from female

meiosis (with crossing over). The F2 females are all wild
type because in the cross with the Fl females normal wild

type males are used.
P: P:

9
9+-i-+><y cvd 9:9+><ygcvd

A

:+++ + 0+ 4+ :+g+ + o+ +
? > /d ?3 > /d

y 9 cv

F2: 4 d - classes F2: 4 d - classes
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El Cross:

Q without recombination with recombination

—_—

Phenotype:
body color

crossveins

Record the results obtained for the F, in the table below.

2
Results:
series |yt ov' | y ov vyt ev y evt | Total |Rec. (%)
wild
type
mei-9

The recombination rate is calculated as the percentage of
flies with recombination among the total flies classified.
nclusion

What conclusions can be drawn about the effect of the mei-9
mutant on crossing over?
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4.1 Temperature Effect on Expression of Phenotype

In formal genetics alternative phenotypic differences between
different genotypes are analyzed, and it is assumed that
there is a direct relationship between a particular genotype
and the corresponding phenotypic trait. 1In many cases no
such simple direct correlation is found. 1In the branch of
genetics known as phenogenetics, the expression of genes is
analyzed in order to gain more information about how genes
produce their phenotgpic effects. Ultimately gene-effect
relationships should be described in terms of chemical reac-
tions, but before this can be done, the structural or func-
tional traits to be studied must be investigated and charac-
terized by classical genetic methods. When experiments are
designed to investigate the effects of genotype and environ-
ment on the expression of particular genes, the results show
that genes do not usually function independently of each
other and of the environment but represent a complex gene-
effect network.

Certain terms are used to describe particular aspects of gene

expression:

Penetrance: In some cases not all of the individuals having
a genotype that would be expected to give a mutant phenotype
show the expected trait. Penetrance is a measure of the pro-
portion showing the expected phenotype.

number of individuals with mutant phenotype

Penetrance number of individuals with specified genotype
Expressivity: Among individuals expressing a particular mu-

tant phenotype, there may be variation in the severity of the
deviation from the normal. Note: Normal individuals are

excluded from the calculation of the expressivity.

Expressivity = <class mean of mutant individuals
Phenocopy: Certain environmental effects may result in a

phenotype that is abnormal in an individual with normal geno-
type. This is known as a phenocopy.
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Differences in penetrance and expressivity can have various
causes:

Influence of the genetic background: Since genes work bio-
chemically it is not surprising that the effect of one gene
locus may be affected by the action of many other genes. For
convenience, genes having a major identifiable effect are
called oligogenes. In cases where so many genes affect a
particular characteristic such as quantitative traits (size,
etc.) that the action of any single gene has less effect than
the environment, we speak of polygenes. Genes having a major
effect on the expression of other nonallelic genes are known
as modifier genes. A particular genotype at one locus may
also produce differing phenotypes depending on differences in
the genetic milieu in genes influencing dominance, position
effects, presence of mutable genes, aneuploidy, polyploidy.

Influence of the environment: Environmental factors such as
nutrition, temperature, humidity, light, etc. can have an ef-
fect on the phenotypic expression of a genotype. Some traits
are stable in any environment while others are environmental-
ly labile. This is studied by analyzing different genotypes
in a stable environment and one genotype in different envi-
ronments.

Problem

What is the effect of an increase in culture temperature from
the standard 25°C to 29.5°C on the expression of vestigial
wings in vg/vg flies?

Material

A well fed culture of vestigial flies grown at 25°C. An in-
cubator adjusted to 29.5°C.

Procedure
(1) Large numbers of well fed vg/vg flies are put into

standard culture bottles for 3 hours of egg laying and then
removed.
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(2) At the end of the egg laying period some of the culture
bottles are placed in a 29.5°C incubator; the others are kept
at 25°C.

(3) The bottles at the higher temperature are kept in the
29.5°C incubator for 100 hours and then placed at 25°C.

Note: After 100 hours there is no further influence on the
phenotype but the mortality increases drastically at higher
culture temperature.

(4) Approximately 10 to 12 days after the start of the ex-
periment, the surviving flies of the two series are sorted
into classes of different wing size. Use the drawings of
wings shown in the table on the previous page to define the
means of the classes.

(5) Using the t test check whether the mean wing size in the

two series differs significantly.

Analysis

Starting with the frequencies (fi) in the different classes
determine the total number (N = fl + f2 + ..+ f7) of

wings analyzed in each series and enter these numbers in the
table.

Use the class number (I, II, III, etc.) as a numerical value
x5 (I = Xy = 1; ITI = X, = 2; etc.) and calculate the
mean (X) for the two series using the frequencies fi with

which wings are present in the different classes:

%, = (l/NA) (fAlx1 + fAzx2 + ... + fA7x7)
Xp = (1/NB) (fle1 + fB2x2 + ... + fB7x7)
Bp = eoveeeennnns .o X = ceres e e



To test the difference between the means of the two series
EA - EB calculate the deviation according to the follow-
ing formula (Z = sum over all classes 1 to 7):

2 2

S

[1/(Ny+Ng-2)1"[2(x;-%,)° + Z(xi—iB)z]

= P R R R )

From S2 we can calculate the standard deviation:

Now determine the t value as follows:

1
t = (xA—xB)/S \/(NA.NB)/(NA+NB) = i ieeeerenne
The number of degrees of freedom is:

d.f. = NA + NB - 2,
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In the table of t values below, read the t value correspond-

ing to d4.f. at P = 0.05 (i.e. error probability 5%) and

compare it with the t value calculated as above. If the cal-
culated value is larger than the value in the table, then the
two series A and B are statistically significantly different

from each other.

val at P =
d.£. € a.f., £ d4.f, €t
20 2.086 90 1.987 200 1.972
30 2,042 100 1.984 300 1.968
40 2.021 120 1.980 400 1.966
50 2,009 140 1.977 500 1.965
60 2,000 160 1.975 1000 1.962
70 1.994 180 1.973 oo 1.960

80 1.990
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Conclusions

What conclusion can you draw about the effect of temperature
on the expression of the vg gene? Was the penetrance affect-
ed? Was the expressivity affected?
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4.2 Temperature Effect on a Homeotic Mutant

In the development of any complex organism from a single
cell, there is a specific sequence of events occurring that
controls the expression of a group of genes each of which
must act at the correct time and in the correct place to give

normal development.

Groups of genes must be switched on and off. How this regu-
lation occurs is a field of intense research activity at pre-
sent. Embryology and developmental biology are going through
a phase of stimulation by applying the techniques of molecu-
lar biology which have allowed the study of genes at the lev-
el of their DNA sequences, the identification of primary gene
products and their localization in developing embryos and
immature stages.

A number of Drosophila homeotic mutants have been known for
some time which upset normal morphological development by
transforming a structure typical of one body part into one
typical of another part (e.g. turning an antenna into a

leg). Another class of mutants upset the normal segmentation
pattern of the animal. When several of these genes were
cloned and their nucleotide sequences determined, one region
was found which was very similar in the different genes.

This so-called "homeobox" is a highly conserved sequence of
nucleotides which code for about 60 amino acids. A homeobox
has since been identified as a part of many genes that show
temporal or spatial expression in organisms as diverse as the

frog, the mouse and man.

The precise function of the homeobox region is not known at
present, but one possibility is that products of genes with
homeoboxes may act as DNA-binding transactive regqulators of
the activity of other genes.

The major homeotic genes of Drosophila fall into two main
gene complexes, the antennapedia complex and the bithorax
complex, both of which are located on the third chromosome.
One of the most striking of these mutants is ss? (spineless
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aristapedia, 3-58.3) which causes the transformation of a
head structure, the arista of the antenna, into a thoracic
structure, the tarsus of a leg. One allele of this gene,

sa4Oa

s , shows a temperature effect.

What effect does a high developmental temperature have on the

expression of ssa4°a?

Material

A well-fed culture of ssa4oa

29°C.

kept at 25°C. An incubator at

Experimental procedure

Well fed flies homozygous for ssa4oa

are put into standard
culture bottles for 3 hours of egg laying and then removed.
At the end of the egg laying period, some of the bottles are
placed in a 29°C incubator and the rest kept at 25°C. Ap-
proximately 9 to 12 days after the start of the experiment,
the surviving flies of the two series are classified for an-

tenna form. The results are recorded in the table below.

Results
Temp. Both antennae Intermediate Both antennae

wild type strongly transformed
25°C

29°C
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nclusion

Does temperature affect the penetrance and/or expressivity of
this gene?

At which temperature does the product of this gene behave
most like the wild type product?

What experiment could be done to find out if the effect of
temperature is continuous, i.e. becoming more abnormal with
increasing temperature change?

iter r

GRIGLIATTI, T., SUZUKI, D.: Temperature-sensitive mutations
in Drosophila, VIII. The homeotic mutant ssa40a,
Proc. Nat. Acad. Sci. (USA) 68, 1307-1311 (1971).
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4.3 Mutants with Abnormal Eye Color

Mutants of Drosophila melanogaster that show an abnormal eye
color can be quite conspicuous. Due to the fact that defects
in the biosynthesis of eye pigments have very little effect
on the viability of the carriers, such mutants have been dis-
covered, isolated and analyzed in large numbers. An overview
of the various types of eye color mutants shows that they can
be grouped phenomenologically as follows:

(1) brick red: Wild type flies and heterozygous carriers
of recessive eye color alleles. This eye
color is designated “normal®.

(2) brown: A number of mutants show more or less
intensive brown eyes.

(3) bright red: A number of mutants exhibit more or 1less
bright red eyes.

(4) white: In some strains the eye color is yellowish
white to pure white.

Problem

How many different biosynthetic pathways lead to the eye pig-
ments which produce the brick red eye color in the wild type?

The simplest hypothesis is that in the wild type there are
basically two different types of pigments present: bright
red and brown. The following three questions will lead to an
experimental approach by which the problem can be tackled:
(a) Flies which are homozygous bw/bw show a brown eye col-
or. Which type of pigment is most probably not produced in
these animals?

(b) Which type of pigment is not produced in flies with
bright red scarlet eyes (st/st)?

(c) The genes bw and st are in two different linkage
groups. What types of progeny (eye color) are expected in
the F2 starting with an initial cross of brown-eyed with
bright red-eyed flies?
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Material

Virgin bw/bw females and st/st males. The gene brown (bw)
maps at chromosomal position 2-104.5 and the gene scarlet
(st) at 3-44.0.

Experimental work and evaluation

Fill in the two checkerboards on the next page and for each
genotype, predict the expected phenotype (eye color) based on
the hypotheses given above. Enter the eye color in the space
at the bottom of each square in the checkerboards. Remember
always to write the genetic formulas completely, i.e. always
give both alleles at the brown as well as at the scarlet lo-
cus. The sex of the flies need not be noted.

Pr r
Day 1 (week 1): Virgin females of the bw/bw strain are

crossed with st/st males. Each student starts two cultures
with two pairs of flies each.

Day 4 (week 2): The parental flies are discarded.

Day 12 (week 3): Anesthetize the progeny and check the eye
color of the flies under the stereomicroscope. Does it cor-
respond to the expected eye color? Start the F2 by select-
ing randomly 4 females and 4 males and set up two cultures
with two pairs each.

Day 15 (week 4): Discard the flies from the vials.

D 2 week : Classify the F2 according to eye color.
Check whether all classes are present approximately in the
expected proportions; exact counts are not required. Relate
each of the different eye colors present to the genotypes
predicted in the checkerboard.
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P: Genotypes: ¢ bw/bw; stt/stt x ¢ bw'/bwt; sts/st

Eye color: Cesesasssenn coas seeesseseses s e
Fl:
?
Jd
Genotypes: ? it x - 2SN
Eye color: cecsreceserree  eeses teeesssen
FZ:
g ?
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4.4 Chromatographic Analysis of Eye Color Mutants

Specific metabolic mutants are phenotypically recognizable by
their lack of the end product of a specific synthetic path-
way. If the missing product is essential for survival, the
defect is lethal. 1In auxotrophic mutants such as are used in
microbial studies, it is possible to compensate for the de-
fect by supplying the lacking end product in the culture me-
dium. In this way these metabolic mutants can be subcultured
without problem. This, however, is not possible in Drosophi-
la because embryonic and pupal development take place without
the uptake of any food from the outside. Fortunately, there
are several more peripheral, nonessential metabolic pathways
in which mutants can be studied without difficulty. Among
these are the eye color mutants which have only minor effects
on the viability of the carriers of the mutants and thus can
be maintained in homozygous strains. Using such eye color
mutants we can study the basic consequences of a change in a
specific enzyme in a biochemical pathway.

Problem

Determine the various UV fluorescent pterines in the eyes of
the wild type and of some eye color mutants of Drosophila.
Try to develop a hypothesis for the position of the genetic
block present in the biochemical pathways in each mutant.

Material

a) Fly strains: Each student needs 4 adult females (3 to 4
days old) of each of the following stocks: wild type; se/se
(sepia); ryzlry2 (rosy):; w/wl (white-apricot); w/w

(white).

b) Filter paper as a working surface, razor blade, watch-
maker's forceps, five short glass rods.

c) Chromatography paper: Each student needs one sheet of
chromatography paper Whatman Nr. 1 which is cut to the right
size to fit into a glass jar of appropriate size (see Figure
16). The size of the sheets should be approximately 23 x 28
cm. For the ascending chromatography applied here, a line is



118

drawn about 2 cm from the lower end of the paper using a pen-
cil. Five points are marked on this line with an equal dis-
tance between them. The heads of the flies will be applied
at these points. Note: Use a pencil. Do not use ball-
point, felt pen or fountain pen as the ink colors would be
chromatographed as well.

d) Chromatography jars: Use a wide-mouthed glass jar of
appropriate size which can be closed airtight (e.g. with a
screw top or with a glass disc which is sealed with Vaseline).
e) Development mixture: Combine 70 ml n-propanol (technical
grade) with 1 ml concentrated ammonia and £ill up to 100 ml
with distilled water. The bottom of the jar should be cov-
ered with about 1 cm of this mixture.

f) UV lamp: For analyzing the chromatograms a UV lamp is
required. A Philips Hg lamp, model HPW 125 W, fitted in a
normal table lamp is satisfactory if properly shielded to
protect eyes and skin from exposure. See warning later.

Pro r

The wild type females are killed with ether and then placed
on a small piece of filter paper. With the razor blade the
heads of 4 flies are cut off and transferred to the left-most
point on the chromatography paper with the help of a fine
brush or forceps. The 4 heads placed as closely together as
possible are then crushed on the chromatography paper with a
glass rod. This point is labeled + (wild type) using a pen-

—0-0-0-0-0—|s,
23

Figure 16. Paper for chromatography. All measurements in cm.
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cil. Be careful not to touch the chromatography paper too
often with your fingers as greasy stains will fluoresce yel-
low later on. The used glass rod is put aside for washing.
Subsequently the heads of the mutants are then applied in the
same way to the remaining points on the chromatography pa-
per. It is important to use a fresh, clean glass rod for
each new mutant so that no eye pigments are transferred from
one point to the next. The chromatogram prepared in this way
is now introduced into the glass jar with the paper curved
into a cylinder held by two paper clips. The chromatogram
should not touch the walls of the glass jar, and the pigment
spots on the paper should not be immersed in the liquid.
Close the glass jar tightly and place it in a draft-free
place. The chromatograms are left to run for 7 to 8 hours.
Afterwards the chromatograms are removed from the tanks and
air-dried by letting them stand on a piece of filter paper
for 2 to 3 hours. If the chromatograms are not analyzed im-
mediately, they should be kept flat in the dark because the
pterines are light-sensitive.

Analysis

View the chromatogram in a dark room under the UV lamp. Mark
the spots that fluoresce with a pencil. The more abundant a
fluorescent compound is, the more intensive is the fluores-

cence.

WARNING:

UV light can damage your eyes! Do not look directly
into the UV lamp in order to avoid eye damage! Glasses
with glass lenses should be worn. Care should also be
taken to avoid excessive exposure of the skin to UV.

In your protocol (see Figure 17) for each mutant record which
compounds are present in normal quantity (+), and which in
increased quantity compared with the wild type (+++ or ++),
and which ones are missing (-).
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The scheme in Figure 18 gives an overview of the various met-
abolic pathways involved in the production of the eye pig-
ments. In which step are these pathways blocked in the dif-
ferent mutants? To answer this question, hypotheses may be
developed based on the following two assumptions:

(a) In a given eye color mutant the pigment precursors are
accumulated before a genetic block, whereas substances after
the block are lacking or only present in greatly reduced
quantity.

(b) If a mutant does not show any pigment precursors in this
test, the genetic block may occur in a very early step of the
biosynthetic pathway, or the macromolecular carriers normally
present for the permanent storage of the final pigments in
the eye may be lacking.

Formulate a hypothesis for each of the different mutants.
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V
o« Isosepiapterin Isoxanthopter?p
NV Vv
Xanthommatin

(plus other
Ommochromes)

Fixation on
protein granules
of the ommatidia

|

Eye color

Fiqure 18. Scheme of the eye pigment synthesis pathways in

Drosophila melanogaster.

After Lange and Wohrmann (1979).
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4.5 Transplantation of Eye Imaginal Discs

The previous experiment has shown that the normal brick red
eye color of the wild type is produced by the presence of
brown and red pigments. We have seen that there are mutants
with brown eye color (due to the lack of the bright red pig-
ments, pterines) as well as others with bright red eye color
(lack of the brown pigments, ommochromes). It has to be as-
sumed that both types of pigments are produced in biosynthet-
ic pathways involving several steps. Therefore it is con-
ceivable that different mutations which block the synthesis
of the ommochromes (leading to a bright red eye color) can
block the biosynthesis in different steps. There are cases
where it is possible to test whether one gene-enzyme system
is able to complement another one which is blocked in a non-
allelic step. The'following experiment tests whether in the
body of a larva of a given genotype (HOST) the defect present
in a transplanted eye imaginal disc of another genotype (DO-
NOR) can be overcome. If the block in the pathway of the
donor is in a step preceding the block in the pathway of the
host, then the transplanted eye will be able to produce the
normal eye color. 1In this case the host can help the donor
in getting over its own block by supplying a product needed
after this block. This can be represented schematically as
follows:

E E

v
w

Mutant I: HOST A
(enzyme 3 inactive)

e
3
> (l: —#—> no pigment

cross feeding

E1 E

e
2 3
Mutant II: DONOR A ———> B —pf—> C ——> pigment

(enzyme 2 inactive)

The product C synthesized by the host "feeds"” the eye imag-
inal disc of the donor and thus circumvents the block in this
mutant. If the block in the pathway of the host is present
in an earlier step than in the donor, the product required
cannot be supplied and the block is not bypassed.
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Note: The experiment described below is technically diffi-
cult to perform with a whole class. However, it is quite
instructive for the understanding of gene-enzyme systems, and
therefore it has been included here as a mock experiment.

The interpretation of the experimental results is given in
the Results and Answers section.

Determine the sequence of the defects in the biosynthetic
pathway of the brown eye pigments present in some nonallelic
mutants with the common phenotype bright red eyes.

Material

We suppose that larvae are available from 4 strains. All 3
mutants have bright red eyes:

1) +/+ wild type

2) wv/v vermilion (v, 1 - 33.0)
3) c¢n/cn cinnabar (cn, 2 - 57.5)
4) st/st scarlet (st, 3 - 44.0)
Pr r

The donor larva is opened and one eye imaginal disc removed.
This imaginal disc is taken up into a micropipette and then
injected into the body cavity of an anesthetized host larva.
The host larva with the implanted donor disc is raised on
standard medium. After pupation a host fly will eclose. 1In
the abdomen of the host fly the implant can be found which
has metamorphosed into an eye during pupal development. The
eye color of this implant can be recorded (see Figure 19).
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igure 19. Transplantation of an eye imaginal disc. After
Wagner and Mitchell (1955).

Genotype of host

Genotype of donor

Color of the donor
eye in the host fly

+/+
+/+
+/+
v/v
v/v
v/v
v/v
st/st
st/st
st/st
st/st
cn/cn
cn/cn
cn/cn
cn/cn

+/+
v/v
cn/cn
+/+
v/v
cn/cn
st/st
+/+
v/v
cn/cn
st/st
+/+
v/v
cn/cn
st/st

brick red
brick red
brick red
brick red
bright red
bright red
bright red
brick red
brick red
brick red
bright red
brick red
brick red
bright red
bright red
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As a first step the sequence of the different mutations (cn,
st and v) in the pathway leading to the brown pigments has to
be determined. Note: Bright red color of the implant means
that no brown pigments are formed; brick red color indicates
that brown pigments have been formed.

The following sequence is present:

~N

A > B > brown pigments

! T !

V
a

Two additional problems to solve:

(a) How do you explain the fact that the +/+ eye trans-
planted into any host develops a normal brick red eye color?
(b) In the table with the results on the previous page the
following experiment has been left out: In a +/+ host an
st/st implant shows a bright red eye color and NOT a brick
red one as expected. Does this mean that the sequence deter-
mined as above is not correct? Are there other possibilities
to explain this unexpected experimental result?

Literature
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4.6 Supplementation of an Eye Color Mutant

In the previous experiment "Transplantation of eye imaginal
discs" we have seen that in the three mutants vermilion, cin-
nabar and scarlet, the synthesis pathway of the brown eye
pigments (ommochromes) is blocked in three different posi-
tions. There is another way to demonstrate the existence of
such genetic blocks; by adding an intermediate product lack-
ing in a specific mutant it is possible to abolish the block
phenotypically (supplementation).

Problem

The mutant vermilion is not able to convert tryptophan into
kynurenine due to the lack of tryptophan oxygenase. By sup-
plementing the food of larvae of this strain with kynurenine
we shall attempt to produce a normal eye color in the result-
ing adults (phenocopy). From the order of gene action worked
out in experiment 4.5 how would you expect the mutant cinna-
bar to react to feeding of larvae with kynurenine?

Material

Sometimes it is difficult to distinguish the vermilion eye

color from the normal eye color. For this reason we use

double mutants: The strain v; bw as well as the strain cn bw

has white eyes because in both the synthesis of the red pig-

ments (bw) as well as of the brown pigments (v and cn, re-

spectively) is blocked (see also experiments 4.3 and 4.5).

Adult females and males of both strains are needed. 1In addi-

tion the following two solutions are prepared:

Antibiotics (A): 0.05% streptomycin plus 0.033% penicillin
in distilled water.

Kynurenine: 1% DL-kynurenine in solution A.

To apply the solutions it is best to use a 200 ul pipette

or a 2.5 ml graded syringe without needle. Furthermore a

glass rod (0.5 cm diameter) is needed.
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Experimental work and evaluation

Day 1: Start 2 cultures each of the 2 strains v; bw and cn
bw with 4 pairs of flies.

Day 2: The parents are discarded. From each strain one vial
is treated with the antibiotics solution and one with the
kynurenine solution. The treatment is done in the following
way: With a glass rod make a hole in the medium of a few
millimeters depth and place 200 ul of the solution in the
hole. This solution is now taken up by the larvae developing
in the vial.

Day 4: The treatment of all the vials is repeated again in
the same way.

Day 6: The treatment is repeated once more.

Day 12: The eclosing flies are anesthetized and their eye
color is recorded. Which flies have white eyes? Which flies
have brown eyes?

Results

Strain v; bw + antibiotics : ............ cesesesessaenen e
Strain v; bw + Kkynurenine : e esesterena ceeesereaanaas N
Strain cn bw + antibiotics : ....iiiiiiiiii ittt
Strain cn bw + kynurenine : ceesenees Cheeessesneas cereenes
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4.7 Genetic Complementation and Allelism

h i iffer n m r imi hen

As was seen in the previous experiments, biochemical pathways
resulting in an end product such as a particular pigment
consist of a number of different discrete steps each under
the control of a different gene locus. A mutation of any one
of these genes will produce a phenotype showing a change in
the single end product of the pathway. This means that muta-
tions in entirely different genes may produce the same gross
phenotype. For example the mutants v (vermilion) on the X
chromosome, cn (cinnabar) on the 2nd chromosome and st (scar-
let) on the 3rd chromosome all produce a bright red phenotype
and are indistinguishable from each other phenotypically.
This must always be kept in mind especially when dealing with
the genetics of organisms less well understood than that of
Drosophila. For example in human genetics, it must always be
remembered that two hereditary conditions, which have the
same symptoms identified in two different families, may be
the same genetically or may be due to changes in different
genes.

Differen han in th m ne_m r i

phenotypes

Since genes are made up of several thousand nucleotide pairs
in a DNA molecule, each normal (wild type) gene could poten-
tially change in many possible ways. Each changed form of
the gene is a different allele. Some alleles may produce no
visible phenotypic effect while others may have a drastic
effect. This means that different changes in the same gene
may produce different phenotypes.

mplemen ion lelism

Suppose that you had discovered a new mutation to bright red
eyes in some wild flies. How would you determine if this is
an allele of a known mutant of the same phenotype (e.g. st)
or a change in another gene?
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To solve this problem, we can carry out a complementation or
allelism test. In this test, the unknown recessive mutant

(homozygous) is crossed to the known recessive mutant (also

homozygous). If the two are alleles of each other, no normal
allele will be present in the heterozygote and its phenotype
will be mutant. If, however, the two are not due to changes
in the same gene (nonallelic), each will carry the wild type
allele of the other mutant and the F1
for both mutant and wild type alleles and will accordingly

will be heterozygous

show a wild type phenotype. Mutants in two different genes
can complement each other since each carries the normal gene
lacking in the other. Two mutant alleles of the same gene
cannot complement each other.

Problem

Determine by making appropriate crosses, whether the gene
producing a black body color in the females of your A strain
is allelic to the genes causing black body color in the males
of strains B and C, respectively.

Material

Virgin females of either b/b (black, 2-48.5; black body
color) or e/e (ebony, 3-70.7; ebony body color) labeled A
(coded by instructor). Males of e/e and se/se (sepia,
3-26.0; sepia eye color) labeled B and C, respectively (coded
by instructor).

Procedur

Day 1 (week 1): Make these two crosses with several pairs of
flies per vial:

(1) ? A x d B

(2) ? A b4 g C

Day 4 (week 2): Discard the parents from both crosses.

Day 12 (week 3): Classify the progeny from each cross for
body color.
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Results

Cross Phenotype of F1 Complementation?

(1) A x B

(2) A x C

Conclusions

(a) Is the mutation present in strain A allelic to that in

strain B?
(b) 1Is the mutation present in strain A allelic to that in

strain C?
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4.8 Transposable Elements

Until fairly recently, it was assumed that most mutations in
Drosophila (and in other organisms) represented simple
changes in DNA such as single base pair substitutions or del-
etions or additions of one or more base pairs. 1In addition
to these, it was appreciated that chromosomal aberrations
could produce mutational effects because of the disruption of
genes and regions of DNA involved in regulation that occurred
when chromosomes were broken and rearranged. Today it is
known that there is an entirely different type of event that
is responsible for a great deal of genetic alteration, the
insertion of transposable elements or "jumping genes". These
elements, first discovered in maize over forty years ago have
recently been found to be present in every type of organism
where appropriate systems for their detection exist. It came
as a real surprise to most Drosophila geneticists when *old"
spontaneous mutants that had been cultured in laboratories
for many years were analyzed on the molecular level and were
found to be mutant because of the insertion of a transposable
element into a structural gene rather than because of simple
chemical changes. There is no doubt that the activity of
these elements, which can move around the genome under cer-
tain conditions, is a very important source of genetic varia-
tion in Drosophila. There are different classes of mobile
elements in Drosophila, and one of the best studied and easi-
est types of element to demonstrate is the class known as the
P elements, which were originally discovered because of the
phenotypic effects on sterility produced when males having P
elements are crossed with females lacking them. The P ele-
ment has been sequenced and is known to be 2907 base pairs in
length and to be flanked by 31 base pair inverted repeats.

In addition to complete elements, many defective elements ex-
ist which have regions of varying size deleted.

Demonstration of P-M hybrid dysgenesis

Strains needed: (1) A P line preferably with visible mar-
kers. Such a line has multiple complete P elements which
when active are capable of producing a "transposase" enzyme
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which allows transposition. P lines are said to have a P cy-
totype in which P elements are stable in position.

(2) An M line. This is a line lacking P elements. Most la-
boratory strains established before 1960 are M strains. M
lines have an M cytotype.

P-M hybrid dysgenesis: The easiest effect of P element acti-

vity to observe is the temperature sensitive hybrid dysgene-
sis produced when active P elements are introduced into an M
cytotype. This results in the arrestment of development of
one or both gonads in the hybrid flies when they are cultured
at high temperatures (above 23°C).

Pr r

Each student should set up the following four crosses:

Cross Female Male Culture Temp.
1 w(P) w (M) 20°C
2 wh(p) w (M) 28°C
3 w (M) w(p) 20°C
4 w (M) wh(p) 28°C

Day 1 (week 1): Make the four crosses listed above in vials
and immediately place the vials in incubators at the indica-
ted temperature. If the laboratory is cool and the tempera-
ture does not go above 23°C, the low temperature crosses may
be left at room temperature.

Day 4 (week 2): Discard the parents. Since the gonadal de-
velopment is arrested during the first four days care should
be taken to keep the temperatures constant during this period.
Day 12 (week 3): Anesthetize and kill the F1 progeny.
Dissect the abdomens of 20 females from each cross. Place
each female for dissection in a drop of water or Ringer solu-
tion in a well slide or watch glass over a dark background
and tear open the abdominal wall with a forceps or needle
while holding the fly by the thorax with forceps. The ova-
ries can then be examined under the dissecting microscope.
Fertile females will have ovaries packed full of developing
eggs while those having dysgenic ovaries will have one or
both ovaries which are empty of eggs (see Figure 20).
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Record your results for each cross in the following table.

Cross Number of females with: Dysgenic
Both ovaries One ovary No normal ovaries
normal normal ovaries (%)

1

2

3

4

In which cross do you observe dysgenic ovaries? Can you
think of any other crosses that might have been done in this
experiment?

Fiqure 20. Drawing of a fertile and a sterile ovary.
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5.1 Induction and Detection of Sex-Linked Recessive Lethals

Various test systems are known in Drosophila melanogaster for
the detection of the different types of mutations. One of
the most frequently used mutagenicity test systems detects
sex-linked recessive lethals (SLRL). With this test any
point mutation or chromosome aberration occurring on the X
chromosome which is lethal in hemizygous condition can be
detected. The test takes two generations because it is re-
stricted to the detection of the mutations induced in the X
chromosome only. One takes advantage of the fact that the
recessive lethals manifest themselves in hemizygous (XY)
males, but are not expressed in heterozygous females and can
be transmitted to the next generation. The "Muller-5" or
"Basc" method (see Figure 21) makes use of a so-called "bal-
ancer chromosome" which carries two inversions as well as the
dominant marker Bar (B, bar eyes) and the recessive marker

white-apricot (wa, apricot eyes).

For the test, wild type males are treated with a mutagenic
agent. When using chemical mutagens, the substances are usu-
ally fed to the males for one to three days. When using ion-
izing radiation, the males are irradiated acutely. These
treatments induce mutations, and those in the germ cells
which are in the various stages of spermatogenesis in the
gonads of the males can be detected by this test. For the
detection of recessive lethals the males are crossed to homo-
zygous Basc females. Each sperm containing an X chromosome
résults, after fertilization, in a heterozygous Fl female
which is then tested for the presence of a recessive lethal.
Due to the inversion heterozygosity of these F1 females,
crossover products are eliminated, and each female transmits
only unaltered copies of the X chromosome to be tested, to
the F2
F., female is placed in a vial with one F

1 1
hemizygous for the Basc chromosome. The females need not be

progeny (see also experiment 7.2). For this, each
male which is

virgins since their brothers have the desired genotype. 1In
the Fz, among other classes of progeny, males are produced
that are hemizygous for the X chromosome to be tested. If
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the X chromosome carries a recessive lethal, this specific

class of males will be missing in the respective F, culture.

2

P

Q.
O

>
jus)
o
8||

F1

O
Q.

(1) Basc

J

Basc X

Fiqure 21. Schematic representation of the Basc test for the
detection of sex-linked recessive lethals. X chromosomes
treated in the P males are tested for the presence of a reces-
sive lethal (1). When such a mutation has been induced, the
wild type males with normal red eyes are missing in the F

2
(lower left in the diagram). After Wiirgler et al. (1983).

The mutation rate can then be calculated as follows:

SLRL (%) = number of cultures with lethals % 100

total number of cultures

The induced mutation rate is calculated as:

Induced rate = rate in treated series - rate in control
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Problem

Determine the frequency of sex-linked recessive lethals in
mature sperm of males which have been fed for 24 h with a
solution of the alkylating agent EMS (ethyl methanesulfonate)
and calculate the rate of induced mutations. A range of con-
centrations between 0.1 mM and 25 mM EMS can be used. (Note:
X-irradiation can also be used; suggested dosage 20 Gy).

Material

Adult wild type males and virgin females of the Basc strain

[Basc: In(l)scSILsc8R+S, scS]'sc8 wd B]. These females have
apricot Bar eyes.

Preparation of chemical mutagen solutions

WARNING
EMS is mutagenic and carcinogenic in
experiments with mammals (IARC, 1974).

Follow safety precautions strictly!

Safety precautions: For the preparation of the mutagen solu-
tions the following measures should be taken: 1. Work in a
ventilated hood. 2. Cover working surface with appropriate
protective paper (or aluminum foil). 3. Wear rubber gloves.
4., Use disposable material if possible, which can be col-
lected for incineration in a closed plastic bag. 5. Use
automatic pipettes with disposable tips. No mouth pipetting!
6. Unused mutagen solutions and glassware can be decontami-
nated with an 0.5% solution of thioglycolic acid (TGA) in 1 N
potassium or sodium hydroxide solution (e.g. 28 g KOH in 500
ml H,O plus 2.5 ml TGA). Fill glassware with this solution

2
and let stand for a few days.

Phosphate buffer: 5.9 g Na,HPO,.2H,0 per liter; 4.5 g
KH2P04 per liter; mixture in a 1 : 1 ratio gives pH 6.8.

EMS solution: 200 ml phosphate buffer plus 10 g sucrose plus
0.48 ml ethyl methanesulfonate (EMS, Mr 124) gives a 25 mM
EMS feeding solution.
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Stability of the solution: Aqueous solutions of the alkyla-
ting agent EMS are relatively unstable at room temperature
(half life 11.6 h). Use of phosphate buffer makes the solu-
tions more stable; however solutions should always be made up
freshly for immediate use.

Feeding: A tissue is crumpled into an empty Drosophila cul-
ture bottle and pressed firmly to the bottom. 9 to 10 ml of
mutagen solution are then added with a pipette so that the
tissue is just soaked but no free liquid present. Subse-
quently 50 to 100 adult males are introduced into the feeding
bottle which is then closed with a cotton or foam rubber
stopper. The males to be treated (2 to 3 days old and well
fed) are first starved for 4 to 5 h in an empty culture bot-
tle. The males should be transferred into the feeding bottle
without anesthesia so that they do not stick to the tissue.
The males are normally fed for 24 h. At the end of the feed-
ing period they are transferred into a fresh culture bottle
with standard medium and can then be used for crosses to ap-
propriate virgin females. A control series is treated in the
same way but fed only 5% sucrose solution.

Experiment
Complete the following two checkerboards.

P: ¢ Basc, w® B / Basc, wo'B x & X/ Y
(EMS treated)

d Phenotype of Flz
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Enter genotype and phenotype (sex, eye color, eye shape) of
the F, and F, flies. Use F, flies to start the following

1 2 1
cross:
F): ¢ Basc, wlB/X(EMS) x & Basc, w2 B/ Y
?
d
Which F2 class is missing when a recessive lethal has been

induced in the treated X chromosome? Why is it not necessary
to discard the parents (F1 flies) from the cultures? Why do
the F, females have to be crossed individually?

Proc r

Day 1 (week 1): The wild type males are fed with 25 mM EMS
for 24 h., For the negative control males are fed sucrose so-
lution. One treated male is crossed with 3 Basc females per

vial.
Day 4 (week 2): The parents are discarded.
Day 12 (week 3): Each F1 female is placed in a separate

vial with an F1 male. At least 200 crosses each should be
set up from the treated and the control series.

Day 23-2 week ¢ The F, flies of each individual vial
are anesthetized and checked for the presence of wild type
males (round red eyes). Absence of the normal males indi-
cates a recessive lethal. Only vials with at least 10 to 15
progeny are included.
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Results

Vials Vials with lethal Total
without lethal (cultures without
(normal cultures) | wild type J)

Untreated

control

EMS-

treated

Rate of sex-linked recessive lethals

[0 3 ¢ X o oo 10
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5.2 Induction and Detection of Reciprocal Translocations

In the testing of compounds for genotoxic effects, it is de-
sirable to be able to identify those that produce breaks in
chromosomes (clastogens). Since one of the results of chro-
mosome breaks is the production of chromosome aberrations, a
test that detects the production of a specific type of aber-
ration, in this case reciprocal translocations, can give an
unambiguous test of this type of chromosome damage. The test
takes two generations. Specific types of reciprocal trans-
locations are detected by the absence of specific classes of

progeny in the F The test starts with a cross of muta-

gen-treated wildztype males with females carrying eye color
markers on chromosomes 2 and 3. From the resulting F1

flies only the males are used for further testing because
crossing over in the females interferes with the demonstra-
tion of translocations. The F1 males are test crossed in-
dividually to genetically marked females. Due to the segre-
gation of the autosomal markers, eight different classes of

progeny are expected in the F When a translocation

changing the linkage group ofzone or more markers has been
induced in the mature sperm in the treated P males, four
classes of progeny will be missing from the Fz' because the
segregation of the translocation chromosomes produces aneu-
ploid nonviable genotypes. Depending on the type of translo-
cation induced (between the autosomes 2 and 3, between Y and
2, or between Y and 3), specific classes of progeny will be

missing.
Problem

Determine the rate of reciprocal translocations after irradi-
ation of wild type males with 40 Gy X-rays. (X-rays produce
much higher rates of translocations than an EMS treatment).

Material

Adult wild type males. Virgin females with three recessive
autosomal markers: bw/bw; st pp/st pp. The marker brown
(bw, 2-104.5) alone produces a brown eye color, scarlet (st,
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3-44.0) alone results in light red eyes, and pink-peach
(pp, 3-48.0) alone gives a peach eye color. Flies of the
triply marked homozygous strain (bw/bw; st pp/st pp) have
white eyes.

Experiment

Simplified symbols are used to £ill in the following tables.
The wild type males possess unmarked chromosomes: X/Y; 2/2;
373, the white-eyed females have marked autosomes (bw; st

pP): X/X; 2%x/2%; 3%x/3%,

P : @ X/X; 2%x/2%; 3*/3* x & X/Y; 2/2; 3/3 (irradiated)

-3

What is the phenotype of the resulting F1 flies? To avoid
the complications produced by crossing over in the heterozy-
gous F1 females, only the males are used for further cross-
ing. Each F1 male represents one irradiated sperm. For

the test cross we use again triply marked homozygous females.
Fl : ? X/X; 2%/2%; 3%/3% x d X/Y; 2/2%; 3/3*

From this cross the following eight classes of progeny are
expected (use the simplified symbols):

Class: A B C D E F G H

Q X23 Y23 X2*3 Y2*3 X23%* Y23* X2#3%| y2%34

X2%3%

Sex

Eye
color
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2*/2* = bw/bw = brown eyes
3%/3* st pp/st pp = light yellow eyes
2%/2%; 3*/3* = bu/bw; st pP/st pP = white eyes

All these eight classes are produced when no translocation
has been induced. Some of the sperm of the P males may carry
translocations. The three types of reciprocal translocations
that can be distinguished are shown below. The circles rep-
resent centromeres. The marker génes are represented by a
single vertical mark for bw and a double mark for st pp.

Chromosomal constitution Symbol Type
normal:
E—;Jj B N Y23 normal

Translocation between 2 and 3:

~— - v 2T 3” T1
Translocation between Y and 2:
~OO ¥ 2% 3 T2

Translocation between Y and 3:

- —— vt 2 3T 3

The example of a translocation of type Tl will show the con-

sequences. In this case the F1 male has the chromosomal
constitution X/Y; 2T/2*; 3T/3*. It also produces eight
classes of gametes just as a normal male would do (see F1
crossing scheme). As examples look at two classes of gametes:

Class B Class D

? S| ¢ 2T3T Q gl ¢ 2"37

X 2%3* X 2%3%

Would you expect these classes of progeny to be viable or
not? Why?
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Work out the possible combinations expected in the test cross
progeny for the three types of translocations using euploid
as well as aneuploid gametes:

Translocation Tl: F. - & : X/¥; 2%/2%; 3T/3%

1 ;
Class A B (o} D E F G H
Q d

X 2% 3%

Phenotype

Translocation T2: F. - & : X/¥%; 2T/2%; 3/3*

Class A B C D E F G H

Q J

X 2% 3%

Phenotype

Translocation T3: F, - & : X/YT; 2/2%; 3T/3*

Class A B C D E F G H

Q d

X 2% 3%

Phenotype

Indicate the nonviable classes by putting an X in the rele-

vant square. Determine sex and eye color of the viable clas-
ses.
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Procedur

Day 1: At least 60 wild type males are irradiated with 40 Gy
X-rays (45 kev, 10 mA, dose rate 20 Gy/min) and crossed with
virgin bw; st pp females. One male and three females per
vial are used. For the negative control about 20 unirra-
diated males are used.

Day 4: The parental flies are discarded from the vials.

Day 12: The Fy males are testcrossed individually with
virgin bw; st pp females; two to three females per vial are
added. 1In the control series about 100 vials and in the
treated series at least 200 vials are set up.

Days 23 to 26: The progeny in the vials are anesthetized
separately. In each vial the presence of all the eight phe-
notypic classes (females and males, four different eye col-
ors) has to be verified (= normal). The absence of specific
classes of flies indicates a translocation of a specific type
(= T1, T2 or T3). Only vials with at least 10 progeny are
included.

Results

Number of vials
Normal T1 T2 T3 Total

Unirradiated

control

Irradiated

Rate of reciprocal translocations

Control P ieieseaas ceeean ceresenen ceetet et ecte e ceeaa

Irradiated: ........ cesesaaaes cetreanaa ceenan se s s eerenanees
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5.3 Mutagen-Induced Sex Chromosome Losses

One of the aims of genetic toxicology is the detection of
chromosome damaging activity of chemical substances in test
systems that are as fast and easy to perform as possible.

One very drastic consequence of chromosome damage is the loss
of complete chromosomes. This event is easily detectable in
Drosophila melanogaster with its simple chromosome complement
(n=4). The loss of one of the two large autosomes leads to
dominant lethality due to dosage effects of many genes. In
contrast to this, some individuals with the loss of a sex
chromosome can be viable. When an X chromosome is lost from
an X/X zygote or when the Y chromosome is lost from an X/Y
zygote, viable X/0 males result in both cases. This phenome-
non can be applied for a simple mutagenicity test that takes
only one generation. Using suitably marked chromosomes, sex
chromosome losses induced in mature sperm by ionizing radia-
tion or chemical mutagens can be detected. To increase the
efficiency of the test further, one can employ a second phe-
nomenon: Ring-shaped X chromosomes are known in Drosophila.
These ring-X chromosomes have the characteristic that they
are lost much more frequently than normal rod-X chromosomes
both spontaneously and after mutagen treatment. The mecha-
nisms leading to the more frequent loss of ring-X chromosomes
are not yet fully understood: Ring chromosome losses can be
either the consequence of chromosome breakage events or of
sister chromatid exchanges (SCE).

The rates of sex chromosome losses registered experimentally
can be influenced further by various other factors: Mutagen-
treated male germ cells can be tested for chromosome losses
by crossing the treated males with females of different ge-
netic constitution. The resulting rates of sex chromosome
losses can differ significantly, e.g. there are strong mater-
nal effects on the chromosome losses in the paternal genome.
Such maternal effects are most pronounced when females are
used which are homozygous for the meiotic mutation mei-92.
This mutant is defective in cellular DNA excision repair.
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Problem

Males carrying both a marked ring-X as well as a marked Y
chromosome are treated with a chemical mutagen or irradiated
with X-rays and then crossed to excision repair competent and
to excision repair defective (mei-9) females which have not
been treated. To determine the frequency of sex chromosome
losses induced in mature sperm of the ring-X males, we use a
ring-X chromosome [xcz, new designation R(1)2] which car-
ries the markers y (yellow body color) and £ (forked bris-
tles); the Y chromosome is marked with y+ (normal body col-
or) and BS (Bar of Stone, bar eyes). Besides complete
losses of the whole X or Y chromosome, partial losses of the
Y chromosome are also possible. This can be detected by the
loss of only the one or the other of the two markers (y+ or

BS, respectively) on the Y chromosome.

Material
Flies used: virgin females: y w
b’ w® mei-92
males: xcz, y £ 7/ y+ Y BS
Experiment

On the next two pages checkerboards are prepared for the two
different crosses. When completing these remember that the
loss of the X or Y or parts of the Y chromosome in mature
sperm of the males leads to additional types of male ga-
‘metes. Furthermore, in the cross with the meiotic mutant
nondisjunction of the sex chromosomes in the females has to
be taken into account as well (see experiment 3.8).

Procedure

Day 1: Collect virgin females of the two strains y w and y

w? mei-92.

Day 2: Collect males of the strain Xcz. If necessary,
collect more virgin females.

Day 3: Starve the males for 4 to 5 h in an empty culture



150

Cross 1: Gametes, genotypes and phenotypes
? yw X d Xcz, y £/ y+ Y BS

Enter the phenotypes: Sex, eye shape, eye color, body color
and lethality if applicable.

normal nondisjunction

normal

losses

Y partial losses (PL)
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Cross 2: Gametes, genotypes and phenotypes

c2

? v w? mei-92 b4 g X%, v £/ y+ Y BS

Enter the phenotypes: Sex, eye shape, eye color, body color
and lethality if applicable.

normal nondisjunction

normal

losses

Y partial losses (PL)
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bottle. Feed the males with an 0.6 mM MMS (methyl methane-
sulfonate) solution (for method see experiment 5.1).

MMS solution: 200 ml phosphate buffer plus 10 g sucrose plus
10 pl methyl methanesulfonate (MMS, Mr 110) gives an 0.6

mM MMS feeding solution. See experiment 5.1 for safety pre-
cautions!

Instead of MMS, 20 Gy X-rays (45 keV, 10 mA, dose rate 20
Gy/min) can also be used as a mutagenic agent.

Day 4: End feeding after 24 h. Cross males with females in
vials as follows:

Series y w : one pair per vial

Series mei-92: 3-5 pairs per vial

Use untreated males for the negative controls.

Day 7: Discard parental flies from the vials. The insemi-
nated females can be used again for establishing a second
brood of 3 d duration in order to increase the number of pro-
geny from the treated males.

Days 13 to 18: Classify and count the eclosed flies with
respect to sex, eye shape, eye color and body color. Enter
the data in the following table.

Result

The rate of sex chromosome losses (L) is:
X0 + PL
L (%) = . 100
XX + XY + X0 + PL

The progeny resulting from nondisjunction in the females are
not included in the calculation of the rate of losses.
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Fly count:
XX 9 XY & X0 & PL & PL & ND ¢ |Total
(-ND)
Eye form B + B + B/+/+
Eye col. w(a) w(a) w(a) w(a) w(a)
Body col.|y + Y Yy + +
Yy w
Control
y w
MMS
mei-92
Control
mei-92
MMS
Rates of sex chromosome losses:
Yy w Control ceressesesesesaann
Yy w MMS teerseseso e .o
. oa
mei-9 Control ceseseann ceceeen
mei-92 MMS e
ZIMMERING, S.: Induced chromosome loss following treatment
of postmeiotic cells of the Drosophila melanogaster male

with MMS and DMN and mating with repair proficient fe-
males and repair-deficient females mei-92 and st

mus-302.

ZIMMERING,

Mutation Res.
S., KAMMERMEYER,

94,
K.L.:

79-86 (1982).
On the nature of partial

losses of the Y chromosome from treatment of ring-X/

BSYy+ males with diethylnitrosamine (DEN) or procar-

bazine and matings with repair-deficient st mus302 fe-

males of Drosophila.

Mutation Res. 104, 121-123 (1982).



154

5.4 Somatic Mutation and Mitotic Recombination

Substantial parts of the body of the adult fly are produced
during larval and pupal development from the imaginal discs

(see Figures 9 and 22).

Figqure 22. Some organs of the adult fly that develop from
imaginal discs (selection). Adapted from Markert and
Ursprung (1974). E = eye, G = genitalia, L = leg, W = wing.

One expects individual areas of the adult structures (e.g.
eye or wing) to be clones of progeny cells derived from one
single imaginal disc cell. This expectation can be tested
experimentally if it is possible to mark genetically individ-
ual clones during development in a stable way. One way in
which this can be done is by induced mutation. Drosophila
also offers the advantage of a second mechanism leading to
marked clones. 1In Drosophila somatic pairing of homologous
chromosomes takes place during mitosis; it is thus easy to
mark clones in heterozygous flies by induced mitotic recom-
bination. This can be illustrated conveniently with wing
cell markers:

mwh/mwh multiple wing hairs on each individual cell
instead of a single hair

flr/flr : short and malformed wing hairs instead of long
slender ones.

Figure 23 shows how a twin spot is produced by mitotic recom-
bination and how a single spot is produced in the case of a
terminal deletion (partial chromosome loss).
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Figure 23. Results of normal chromosome segregation, mitotic

recombination and terminal deletion in heterozygous (mwh + /
+ flr) wing imaginal disc cells.

Problem 1: Wing imaginal di

Analyze the frequency and the size of single and twin spots
on wings of flies from an untreated control and on wings of
flies which were irradiated as larvae with 15 Gy X-rays at an
age of 72 h.

Material

To produce the desired heterozygotes, we need virgin females
from the f1r3/TM3, Ser strain (flr, flare, 3-38.8). The
males are taken from an mwh strain (mwh, multiple wing hairs,
3-0.0). Of the flr alleles available, the flr3 allele is
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best suited for this experiment. Although clones of cells in
the wing which are homozygous for flr are viable, zygotes
which are homozygous for flr are lethal; therefore the muta-
tion has to be kept heterozygous in the strain. This is ac-
complished by balancing it over an inversion chromosome which
eliminates crossovers (see experiment 7.2). The balancer TM3
carries the dominant marker Ser (Serrate, 3-92.5, notched at
the tip of the wing) which is also homozygous lethal. 1In
this way only the f1r3/TM3 individuals can survive. Pre-
dict the progeny derived from this cross, using the following
table.

Cross

? f1r3/TM3, Ser X d mwh/mwh

?

Pr r

Day 1l: About 20 virgin mwh females and at least as many
flr3 males are crossed per culture bottle. Several bottles
are set up for the collection of large numbers of larvae.
Day 2: After 24 h the parental flies are removed from the
bottles (they can be used again for collection of more egqgs).
Day 4: The larvae are collected from the culture bottles by
pouring a 20% (w/v) sodium chloride solution (or 20% sucrose
solution) into the bottles, swirling well and pouring the
contents into a glass or plastic separation funnel (approx.
1000 ml, opening of the outlet 4-6 mm) which is fixed on a
stand. The larvae now float on the surface of the saline
solution. Open the stop cock and let the medium flow out (if
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necessary break up small clumps with a glass rod). Most of
the larvae will adhere to the walls of the funnel. If the
larvae are not yet clean enough, add fresh saline solution
and repeat the procedure once more. Close the stop cock and
add water until the larvae start to sink. Open the stop cock
again and let the water flow out catching the larvae on a
fine nylon gauze. They can be washed again on the gauze if
needed. The larvae are irradiated with 15 Gy X-rays (45 keV,
10 mA, dose rate 20 Gy/min). Take care not to let the larvae
dry out. After the irradiation they are portioned out into
vials with standard medium. Larvae can be scooped up gently
on the end of a small spatula. A volume of about the size of
the head of a match is dropped into each vial. One group is
not irradiated; it serves as an untreated negative control.

D 1 13: Collect the eclosed flies; only individuals
with normal (= non-Serrate) wings are kept. The wings can be
mounted immediately. The whole flies can also be stored for
extended periods in 70% ethanol in small scintillation vials.

Preparation of the wings

Material: Fine watchmaker's forceps, fine brush, needle,
microscopic slides, coverslips, distilled water, Faure's so-
lution, small weights (metal cubes of approx. 1 cm length of

side).

Faure' lution: distilled water 50 ml
gum arabic 30-40 g
glycerol 20 ml
chloral hydrate 50 g

The chloral hydrate is first dissolved in water without heat-
ing. Then the glycerol is added and mixed well. The gum
arabic is broken up into small pieces which are suspended in
the solution in a small gauze bag until all gum is dis-
solved. Avoid letting the qum come in contact with air dur-
ing the dissolving process. Do not filter.

Freshly collected flies or flies which have been stored in
70% ethanol are put into distilled water in a small contain-
er. A drop of Faure's solution is put on a slide and one fly
transferred from the water into this drop. This is best done



158

with a fine brush. Avoid touching the wings with hard ob-
jects. Under a stereomicroscope the wings are now separated
from the fly's body with the help of two pairs of fine for-
ceps (or a needle and forceps). The wings are then placed on
a clean slide by holding them only at the wing base. On the
slide the wings are spread out and arranged in rows without
touching the wing surface. Up to 20 pairs of wings can be
arranged on one slide. Let the slide dry in a dust-free at-
mosphere for 24 h. Put a small droplet of Faure's solution
in the center of a coverslip. Invert the coverslip and lower
it slowly onto the wings so that no air bubbles are formed
between the wings. Weigh the coverslip down with several
small weights (total weight ca. 400 g) and let dry for at
least 24 h. Coverslips of the dry preparations can be sealed
around the edges with clear nail polish.

Analysis

The wings are examined under a compound microscope at 400x
magnification. Both surfaces of the wing can be seen with a
slight focus change and are scored simultaneously for the
presence of mutant mwh or flr clones. Record single spots
and twin spots separately and determine the size of each spot
by counting the number of cells exhibiting the mutant pheno-
type. Make drawings of some typical spots on the following
sketches.
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Experiment Number of Single spots Twin spots
wings (w) s s/w t t/w

Control

X~-rays

Interpretation

What is the frequency (spots per wing: sp/w) of both types
of spots in the two series? Are there differences with re-
spect to the average size of the spots? Interpret these ob-
servations from a developmental point of view.

Problem 2: Eye imaginal disc

Analyze the frequency and the position of marked clones in
the eyes of adult flies that are heterozygous for eye color
markers and that were irradiated with X-rays in the first

larval instar.

Material

co (ofe]

Virgin females of the strain w sn/w sn; se/se and
males of the strain w/w; se/se.
With respect to eye color the following three phenotypes can

be distinguished:

w/w; se/se white eyes
co, co
w /W ~; se/se dark brown eyes
co . .
w /w; se/se intermediate between the above colors

For identification of clones that extend over the edge of the
eye the sn marker on the X chromosome carrying wS® is used:
+ + .
sn /sn normal bristles

sn/sn singed bristles
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Cross: ¢ wco sn/wco sn; se/se X s w sn+/Y; se/se
?
d
Pr r

co sn/wC° sn; se/se females are crossed

Day 1: Virgin w
with w sn+/Y; se/se males in standard culture bottles.

Day 2: The parental flies are removed from the bottles after
24 h,.

Day 3: After 12 to 24 h the larvae are collected from the
bottles and irradiated with 12 Gy X-rays (for detailed in-
structions see problem 1).

Da 1 13: Collect the eclosed flies and analyze the
eyes under a stereomicroscope at higher magnification (ap-
prox. 100x). Record white and dark brown spots, both singles
and twins, and draw a few typical examples of spots in the
lower half of the eye using the following sketches. Small
white spots at the edge of the eye are not scored as they are
very often due to nongenetic developmental disturbances.

QUdd
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From a large number of eyes with spots analyzed by Becker
(1957) the following preferred position of the borders of the
spots in the lower eye half was determined; the eight sec-
tors are numbered arbitrarily. Interpret this finding.
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6. Population Genetics
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6.1 Determination of Allele Frequencies in Populations
in Hardy-Weinberg Equilibrium

The Hardy-Weinberg law is a formulation of the relationship
between the frequencies of genes in a population and frequen-
cies of genotypes. The basic model describes the simplest
nontrivial case, i.e. one autosomal locus with two alleles in
a randomly mating (panmictic) diploid population in which
nothing occurs to change the frequency of the two alleles.
This means that the population is infinitely large (or at
least large enough to eliminate the effects of chance) and
that factors such as mutation, selection, and migration have
no effect on gene frequency. The Hardy-Weinberg law states
that if allele A has a frequency of p, and allele a a fre-
quency of g, then after one generation of random mating the
population will consist of the genotypes AA, Aa and aa in the
frequencies pz, 2pq and qz, respectively, and furthermore
that these frequencies will be maintained in further genera-
tions as long as the basic conditions hold. Such a popula-
tion is said to be in Hardy-Weinberg equilibrium. We can see
that p2 or q2 represents the probability that two gametes
both carrying the same allele (A or a) will unite at fertili-
zation. 2pq is the probability that an A gamete will unite
with an a gamete. The basic model can be modified to de-
scribe sex-linked genes, multiple alleles, effects of selec-
tion, mutation, and genetic drift.

Problem

In Drosophila a gene is known which affects the body color.
The dominant wild type allele (T) produces the normal light
brown to gray coloring, the recessive allele t (= tan) re-
sults in a darker brown coloring. Note: Here for simplici-
ty, we do not use usual Drosophila symbolism. T/T, T/t, and
t/t animals have identical viability and frequency of repro-
duction. 1In a theoretical experiment it is possible to visu-
alize the allele frequencies in a panmictic population in
detail. We assume that the allele frequencies are identical
among oocytes and sperm. For both types of gametes let the
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frequency of the T alleles be = p and that of the t alleles =
q, and since there are only two alleles, p + q = 1.

Procedur

Using the following combination square work out genotypes and
frequencies of each combination.

Oocytes

Q Genotype G
Frequency F

Sperm

Hoaid af o,

The frequency of the different genotypes in the entire pro-
geny is then:
T/T & T/t & t/t

The whole population of progeny is now bred with the frequen-
cies of genotypes as determined above. We assume panmixia,
which means that mating and reproduction within a population
occur entirely at random. As a consequence, the probability
for a specific mating between two genotypes is determined
only by the respective frequencies in the population. We
first work out what types of oocytes originate from the fe-
males of this population. The females of the T/T genotype,
which occur with a frequency p2 in the population, produce
T oocytes only. The T/t females form half T oocytes and half
t oocytes, whereas the t/t females give rise to t oocytes
alone.
Frequency
T oocytes t oocytes

T/T females ceeaeenens ceeeen e

T/t females  ...... veee  iesesenans .

t/t females @ L.iiiieiees deeerenens

These calculations can be done for all the sperm as well.
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Show the expected progeny in the following checkerboard:

These calculations can be repeated as many times as one
wants. The identical result demonstrates that according to
the Hardy-Weinberg law the ratio of the gametes (or geno-
types, respectively) remains constant in a panmictic popula-

tion.

Consider a population started from individuals of which 20%
were TT 9, 20% TT &, 30% tt 2, and 30% tt 4. Is this
founder population in Hardy-Weinberg equilibrium? Work out
what the frequencies of the different genotypes would be
expected to be after one generation of random mating.

The Hardy-Weinberg equilibrium can also be used the other way
round to calculate gene frequencies where they are unknown.
By assuming that a population is in Hardy-Weinberg equilibri-
um, we can obtain the frequency of at least one genotypic
class, the homozygous recessive, even when dominance is pre-
sent. The frequency of the recessive allele (q) is then sim-
ply the square root of the genotypic frequency of the homozy-
gous recessive class (qz). The frequency of the dominant
allele (p) is calculated as 1l-q.
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For situations where there is no complete dominance, the fre-
quencies of the two alleles can be calculated directly from
the three phenotypes in population samples:

D + H/2 where D = No. of homozygotes for
p = D+H+R one allele
H = No. of heterozygotes
R + H/2 R = No. of homozygotes for
9= p+H+R the other allele

These determined values can be used to calculate predicted
values of p2, 2pq, and qz which can then be compared sta-
tistically to the observed values of D, H, and R to establish
whether or not the population in question is in Hardy-Wein-
berg equilibrium.
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6.2 Variations in Populations with Natural
and Artificial Selection

In this experiment a fly population is bred over several gen-
erations. In each generation the composition of the popula-
tion is determined. The experiment starts with the following
cross (vg, vestigial wings, 2-67.0):

P : Genotype ? vg+/vg+ x d vg/vg
Phenotype normal vestigial wings

Indicate the expected Fl genotype and phenotype below:

Fl: Genotype ....cc000n. .o Phenotype .............

The F1 flies are intercrossed. Work out the progeny expec-

ted in the F, and record them below:

2

FZ: Genotypes Phenotypes Expected
frequencies

Without killing the F,, count the numbers of normal and
mutant individuals, ignoring sex, and enter the numbers in
the table below. These flies are then used to establish the
subsequent generation. This can be done in two different
ways: Breeding without artificial selection (normal and mu-
tant phenotypes are cultured) or breeding with artificial
selection (only normal phenotypes are cultured).
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Procedures

Experiment A: NATURAL selection:

Approximately 30 females and 30 males are put into a standard
culture bottle in a proportion according to the progeny
count. Example: 250 normal and 50 mutant flies were count-
ed. In this case 25 normal and 5 mutant flies of each sex
are taken.

Experiment B: ARTIFICIAL selection:

Approximately 30 normal females and 30 normal males are cul-
tured in a bottle. For selecting against the mutant pheno-
types all the homozygous mutant flies are discarded in each

generation.
Results
Selection |Generation | Number of flies Total Frequency
and date with phenotype flies of vg/vg
normal vestigial
Fa
A F3

NATURAL F

ARTIFICIAL|F
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Draw a graph of your results:

freq.
0.30 =

0.00 T T T T T

Fy F, Fa Fy Fg

generation

Key: Natural selection
Artificial selection —————

u ions

Does it seem likely that the three genotypes in these popula-
tions have equal viability?

Do you think that a recessive mutant could ever be completely
eliminated from a population by selection against the homozy-
gote?

Population modeling

For evaluating such an experiment one proceeds as follows: A
simple mathematical model is set up given specific assump-
tions. From this model the changes to be expected in the
population are calculated, and this prediction is compared
with the experimental result. If the prediction and the
result do not coincide, then specific assumptions in the mo-
del must be changed. A new expectation can be calculated and
compared again with the experiment. This procedure is re-
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peated until a model is found which describes the results
with a desired precision.
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6.3 Mating Behavior

The successful mating of flies, which is presupposed in all
our crosses, actually requires a complicated, genetically
determined courtship ritual. We shall observe the normal
mating behavior of flies before analyzing changes in this
behavior.

Problem
To determine the sequence and the individual elements of the
different activities in the mating behavior.

Procedure

Put one pair of virgin wild type flies into a container of
about 2 cm diameter with a transparent cover. Observe the
behavior of the female and the male under a stereomicroscope
at low magnification (10x). Record the observations in the
table below.

Result

Time Female Male

Literatur
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6.4 Mating Preferences

As we have seen in a previous experiment, the Hardy-Weinberg
law is only applicable under the assumption of panmixia in a
population. However, it can be shown that for specific al-
leles in a population the frequency of the carriers of this
allele is different from the expectation based on the fre-
quency of the allele in the population. In other words, mat-
ing preferences exist within a population. This phenomenon
can be demonstrated with the help of two different monohybrid
crosses. The mutant yellow is best suited for this. This
mutation causes not only a yellow body color, but also leads
to a changed behavior of the males in the courtship ritual
that precedes the mating.

Problem

Is there a difference between the mating success of wild type
males and of yellow males?

Material

Virgin 4-day-o0ld females of a wild type strain and 2-day-old
males of the wild type as well as of the yellow strain (y,
1-0.0). The males are kept in sexual isolation for at least

1 day.

Procedure and evaluation

Day 1: The following two crosses are set up:

? wild type X ¢ wild type

? wild type x éd yellow
For each cross at least 50 vials with one virgin female and
one male each are made. The vials with the pairs of flies
are left undisturbed in the dark for 3 hours. At the end of
the mating period each vial is emptied separately, the male
is discarded and the female returned to the vial where she is
left until the end of the experiment.
Day 10: A criterion used for a successful mating within the
3-hour period, is the deposition of inseminated eggs capable
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of development by the individual females. For the scoring it
is sufficient to record only whether or not there are progeny
in a vial; the flies need not be counted.

What is the percentage of vials with progeny in the two
crosses?

0,

Cross Total no. No. vials with % vials with

of vials progeny progeny

y+/y+ X y+/Y

y+/y x y/Y

onclusions

What can you conclude from your results about the effective-
ness of mating of the two types of males? List as many hypo-
theses as you can think of to explain your results.
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7.1 Microscopic Analysis of Mitotic and
Polytene Chromosomes

Two tissues from the last larval instar (L3) are suited for
cytological analysis: (1) The neural or cerebral ganglion (=
supraesophageal ganglion) for mitotic chromosomes and (2) the
salivary glands for giant chromosomes.

Preparation of tissues

To obtain satisfactory results, the optimal rearing of the
larvae is important. The parental flies are left in the cul-
ture bottles for egg deposition for not more than 24 h. Af-
ter discarding the parents, fresh live yeast is added to the
bottles as additional food. Third instar larvae are taken
from uncrowded cultures. For the preparation of especially
large salivary gland chromosomes use larvae grown at low tem-
perature (below 18°C ). The larvae are raised in bottles
without paper and are removed with a brush when they start to
leave the medium and crawl up the walls of the bottle towards
the end of the third larval instar. Figure 24 shows how a
larva is held with two needles or two fine forceps (e.g.
watchmakers' forceps Dumont No. 5) in a drop of Drosophila
Ringer solution and how the anterior part with the mouth
hooks is pulled away with a sudden movement. The posterior
two thirds of the larva can be severed with a razor blade and
discarded. Both the neural ganglion and the two salivary
glands with the joint opaque fat bodies are found in the tis-
sues that are attached to the anterior third of the larva.
With a fine needle and forceps the tissues are teased out
under intermediate magnification (20-25x). The neural gan-
glion and the attached imaginal discs are separated; the
imaginal discs need not be removed. The salivary glands are
gently pulled free of the fat bodies which are discarded.

The larger cells lie in the center and at the posterior end
of the salivary gland which contains approximately 100 to 200
cells.
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Fiqure 24. Preparation of larvae. After Ransom (1982) and
Schldsser (1971). F = fat bodies, G = gut, N = neural gan-
glion, S§ = salivary glands.

Siliconized glassware is needed to prevent tissue from stick-
ing to glass surfaces, e.g. in the preparation of mitotic
chromosomes. The easiest way to siliconize slides or cover-
slips is to immerse them for a few minutes in silicon o0il and
to wipe them clean with tissues. (Pipettes used for oil
should be rinsed with alcohol.)

Recipes

(a) _Isotoni hysiological 1t luti .
Drosophila Ringer: 6.7 g NaCl in 1000 ml distilled water.
Shen solution: 9 g NaCl + 0.42 g KC1 + 0.25 g CaCl
1000 ml distilled water.

211’1

H ni ium citr ion:

lg Na3C6H507.H20 in 100 ml distilled water.
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(c) Staining solutions:

Aceto-Orcein: For immediate use, not permanent: Pour 50 ml
boiling glacial acetic acid over 1 g Orcein, let cool down,
add 50 ml distilled water, filter. Permanent solution: Dis-
solve 2.2 g O-cein in 100 ml boiling glacial acetic acid;
dilute 1 : 1 wilu distilled water and filter only immediately
before use.

Orcein-Fast Green: Equal volumes of glacial acetic acid and
85% lactic acid are mixed. 2 g natural Orcein and 0.25 g
Fast Green are dissolved in 100 ml of the solvent mixture
without heating. The staining solution is filtered several
times before use.

Giemsa: One uses commercial solutions and dilutes them be-
fore use with phosphate buffer according to manufacturer's
instructions. Do not filter! Keep solution in the dark!

Fi iv
3 parts absolute ethanol plus 1 part glacial acetic acid.
Make up fresh for use.

Ph h ffer ing oren :
Mix 50 ml of a 1/15 M NaZHPO4 with 50 ml of a 1/15 M
KH2P04 solution. This gives a pH 6.8 buffer.

(f) Colchicine:
Use at least an 0.2% solution (0.2 g colchicine in 100 ml
Shen solution).

Problem
Prepare squashes of mitotic chromosomes of the neural gan-
glion of a wild type strain, stain them and identify the in-

dividual chromosomes by microscopic analysis of the prepara-
tion.

Procedure

1. For the accumulation of metaphases, transfer the neural
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ganglion (with or without attached imaginal discs) into a
drop of Shen solution with 0.2% colchicine on a well slide
for 60 min.

2, Using a siliconized pipette containing a small amount of
sodium citrate, transfer the ganglion into 2 to 3 drops of
sodium citrate solution (hypotonic shock) on a siliconized
slide for 10 min.

3. Transfer the ganglion into a drop of 50% acetic acid on a
siliconized slide for 15 min.

4. Using a siliconized pipette transfer the ganglion into a
fresh drop of 50% acetic acid on a nonsiliconized slide. A
siliconized coverslip is then added and covered with a piece
of filter paper. The preparation is then squashed with
strong thumb pressure. Apply only vertical pressure; side-
ward movements destroy the preparation! The degree of
squashing can be controlled under a phase-contrast microscope.
5. When the squash appears satisfactory, freeze the prepara-
tion on a piece of dry ice kept in an insulated container
(e.g. wooden box lined with corrugated paper or styrofoam
container). This takes at least 3 min.

6. While the slide is still lying on the dry ice, the cover-
slip is flipped off with a pre-cooled razor blade.

7. Thaw the preparation by immersing it in an ethanol-acetic
acid fixative for 5 min or longer. The quality of the pre-
paration is improved by leaving it in the fixative over-
night. Ethanol-acetic acid fixative gives a more trans-
parent cytoplasm than absolute alcohol.

8. Remove the slide from the fixative and add one drop of
staining solution (Orcein-Fast Green or Giemsa) and cover
with a clean, nonsiliconized coverslip.

9. Absorb the excess fluid with filter paper and seal with
clear nail polish along the edges of the coverslip to avoid
desiccation.

10. The preparation is then viewed under a compound micro-
scope, if possible with phase-contrast optics. It can also
be dehydrated and mounted as a permanent preparation (before
putting on the coverslip!).

11. 1Identify the acrocentric X chromosome, the small Y chro-
mosome with the two unequal arms, the metacentric chromosomes
2 and 3 as well as the dot-like chromosomes 4. Make a draw-

ing of a metaphase. Did you analyze a female or a male larva?
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Problem 2: Polytene chromosomes of the salivary gland

Problem

Prepare squashes of polytene chromosomes of the salivary
gland of a wild type strain, stain them, and analyze the
chromosomes and their banding pattern.

Procedure

1. The dissected salivary glands from one larva are put into
a drop of Aceto-Orcein staining solution. The preparation is
covered with a coverslip and left for about 3 min. The dura-
tion of the staining can be modified with subsequent prepara-
tions depending on the effectiveness of the staining solution.
2. The staining is terminated by soaking up the stain under
the coverslip with a strip of filter paper.

3. The coverslip is now covered with a broad piece of filter
paper and the preparation is squashed so that the cells and
nuclear membranes burst and the chromosome arms are spread.
The simplest way is application of thumb pressure or tapping
with a suitable instrument (e.g. wooden handle of a dissect-
ing needle).

4. To avoid desiccation of the preparation it is sealed
along the edges of the coverslip with clear nail polish.

5. Analyze the polytene chromosomes under a compound micro-
scope. Observe and draw:

(a) The central heterochromatic area (chromocenter), which
contains the centromeres (kinetochores).

(b) Try to find the short chromosome 4.

(c) Try to identify specific chromosome ends. Sketch the
banding pattern observed under the microscope and compare it
with the schematic drawings in Figure 25.
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Figqure 25. Ends of the chromosome arms with banding pattern
in salivary gland chromosomes. After King (1975). Arrow:
characteristic shape, asterisk: prominent bands, ring: no
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7.2 Balancer Chromosomes

In Drosophila genetics balancer chromosomes are used for the
elimination of various undesired consequences of meiotic
crossing over events. With the help of balancer chromosomes
multiply marked mutants, which would be inviable or sterile
in homozygous condition, can be cultured for many generations
without problems (balanced strains). This is especially true
for recessive lethals. 1In addition, balancer chromosomes are
indispensable in the construction of new strains. They are
used to propagate multiply marked chromosomes via heterozy-
gous females without the desirable combinations being broken
up from one generation to the next by crossing over. Hetero-
zygous males in which no meiotic crossing over takes place
are no problem in this respect when constructing new

strains. The use of balancer chromosomes goes back to an
early observation by drosophilists that certain types of
chromosomes in heterozygous combination with marked chromo-
somes were able to reduce or even practically eliminate the
frequency of crossing over. It was postulated that these
chromosomes contain a crossover suppressor (symbolized by
"C"). 1In later investigations it was shown that C-carrying
chromosomes contain large, often complex inversions (Sturte-
vant 1926). In heterozygous flies the inversions can be ana-
lyzed cytologically in salivary gland chromosomes. Two prob-
lems will help to work out the mechanism of action of bal-
ancer chromosomes.

robl : nalysi inversion 1

In the salivary gland cells of inversion heterozygotes the
somatic pairing of the homologous chromosomes leads to the
formation of a loop in the inverted region. This is the only
way in which each region of a chromosome is able to pair with
its homolog. In the light microscope the continuity of a
chromosome can be followed with the help of the banding pat-
tern. For simplification the bands can be symbolized by let-
ters.
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The normal chromosome has the sequence:
A BCDETVFGH.
In contrast to this the inversion chromosome is:
ABFEDCGH.
The inverted region extends from C to F. Formally the in-
verted chromosome can be reverted back into a normal chromo-
some if one takes the two break points B.F and C.G and "turns
around"” the inversion region.

Using this approach analyze the following loop drawings. All

three are the consequence of two separate inversions. What
is the relative position of the two inversions in each case?
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Problem 2: Cr ing over produ in inversion heteroz s

In meiosis of female inversion heterozygotes the chiasmata
appearing in the tetrad stage indicate the crossovers which
took place during an earlier stage of meiosis.

Analyze the consequences of crossing over events occurring in
the inversion loop. Draw the four chromatids with the 1loci
labelled as they will appear at early anaphase I (after sepa-
ration of the centromeres). Be sure to include all 8 chroma-
tid ends.

HWN =
o=~ OO

what will happen subsequently and during the second meiotic
division in such a case? What are the expected consequences
with respect to fertility of such female inversion heterozy-
gotes? Would the inversion have any effect on the recovery
of crossover products in females homozygous for it? What are
the genetic consequences? Suggest a better term than “"cross-
over suppressor” to describe the action of the inversion.

Experimental analysis

Using the techniques described in experiment 7.1 examine and
sketch the salivary gland chromosomes of the strains Cy/Pm ;
H/Sb or those of female progeny of the cross Basc ? x wild
type . Would you expect to £ind inversion loops (a) in
homozygous Basc females or (b) in Basc males?
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8. Molecular Biology of Drosophila: An Overview

The foregoing chapters of this book describe classical gene-
tic experiments and analyses making use of Drosophila as an
easy and inexpensive experimental animal. Its short genera-
tion time, ease of culture, large numbers of progeny, small
number of chromosomes and easily recognizable genetic traits
have led to its being the most thoroughly genetically de-
scribed multicellular eukaryote with thousands of mutants and
chromosomal aberrations described and mapped.

An organism that is well known genetically is also attractive
to the molecular biologist for the application of the sophis-
ticated techniques being used to unravel the ultimate secrets
of the structure and function of the genetic material from
the molecular to the population level.

Modern molecular biology requires laboratories equipped with
complex and expensive instruments. It also makes use of ex-
pensive reagents and requires considerable technical exper-
tise from its practitioners. We do not intend, therefore, to
give detailed instructions for particular experiments to be
done with large numbers of students as we did in previous
chapters, but will rather concentrate on short summaries of
some of the major approaches used and a few examples from
recent Drosophila work. The references included will allow
those interested to find descriptions of relevant methods.

Studies of DNA

The blueprint for a Drosophila fly, like that of any other
organism, is encoded in the sequence of nucleotides in DNA.
The DNA, in turn, specifies RNA which specifies protein
structure (students are referred to genetics and molecular
biology textbooks for details). Much of molecular biology
therefore involves the extraction, characterization and ma-
nipulation of DNA. Drosophila DNA may be extracted from
adult flies, larvae, embryos, isolated organs or cells grown
in culture. Cell and tissue culture in Drosophila have
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proved rather difficult. Embryo-derived cells can be cul-
tured and have found some practical use for the growth of
certain insect viruses (King, 1975; Roberts, 1986; Ashburner,
1989a).

Detailed techniques for DNA extraction from Drosophila are
given in Roberts (1986) and Ashburner (1989a). Techniques
are now so refined that the DNA from a single fly can be ex-
tracted for study. Total DNA may be extracted or nuclear and
cytoplasmic (mitochondrial) fractions separated. Mitochon-
drial DNA, which is inherited maternally, is highly conserved
in evolution and provides an interesting subject for studies
of related races and species. Complete DNA replacement of
mitochondrial DNA has recently been accomplished in Droso-
phila (Niki et al., 1989). This should make it a promising
organism for studies of nuclear-cytoplasmic interactions.

Once DNA has been extracted, it can be characterized and ma-
nipulated. One type of chemical investigation, for example,
is the determination of the GC content. DNA dissociation-
reassociation studies can be performed in order to determine
the complexity of the genome.

Techniques for the further study of DNA usually require that
the long molecules present in chromosomes be cut into manage-
able shorter pieces. This is accomplished by so-called re-
striction enzymes. These enzymes, isolated from microorgan-
isms, recognize particular nucleotide sequences, and each one
cuts DNA at its own recognition site wherever that sequence
occurs. This generates a characteristic series of fragments
of different lengths which can then be separated by gel elec-
trophoresis.

Studies of the same segments of DNA (defined by a specific
DNA probe) from different individuals show that DNA contains
many slight variations in nucleotide sequence. If a change,
deletion, or rearrangement affects the sequence recognized by
a particular restriction enzyme, then the enzyme will no
longer cut at that location and a fragment of a different
length will result. Such restriction fragment length poly-
morphisms (RFLPs) can be used to estimate the variability
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within populations, for gene mapping (see Alberts et al.,
1989, p. 182) and in investigations of chromosomal regions of
interest. A recent example of work of this type is a new
study of the Bar gene in Drosophila. Classical cytogenetic
analyses had indicated that the Bar mutation results from a
duplicated region of the X chromosome. By using restriction
enzymes to study and map the region around the break-point of
this rearrangement in combination with sequence data, Tsubota
et al. (1989) have come to the conclusion that the insertion
of a transposable element at this location was responsible
for the rearrangement.

Since it is not easy to study single molecules of DNA, many
types of studies require some method of making copies of a
single molecule (amplification). The polymerase chain reac-
tion (PCR) is an in vitro technique for amplification of DNA
molecules of up to 2000 base pairs (Saiki et al., 1988).
Another method is to insert the DNA of interest into a DNA
vector molecule, usually a bacterial plasmid or a virus ge-
nome or a transposable element which is in turn introduced
into cells (usually bacteria) under conditions which lead to
its replication. This is known as gene cloning (see Ash-
burner, 1989a, for details of cloning vectors).

Most restriction enzymes cut the DNA in such a way that sin-
gle stranded sticky ends are left. This means that the sin-
gle stranded overhang on the one end of the molecule is com-
plementary to the single stranded overhang on the other end.
Fragments from any DNA cut in this way with the same enzyme
can then be joined together by allowing their sticky ends to
anneal by base pairing and then using a ligase enzyme, to
join the sugar-phosphate batkbones covalently. The vector
molecules are then introduced into cells, and marker genes
are used in ingenious ways to identify by selection or
screening procedures the cells which contain vectors with
inserts (see Brown, 1986, for a general discussion). If to-
tal DNA is extracted, cut up and fragments inserted into vec-
tors and cloned, and if enough pieces have been used, it is
expected that every gene should be present in at least one
cell. These cells are allowed to grow into separate colo-
nies, and such a collection of cloned fragments is known as a



194

gene library. Gene libraries have been constructed for most

genetically studied organisms including Drosophila.

Special techniques also exist for cloning specific parts of
the genome (e.g. the Y chromosome) or specific genes. One
way of separating one single gene from the many thousands in
the genome is by means of transposon tagging. A transposable
element of known sequence (such as the Drosophila P element,
see experiment 4.8) is used under conditions allowing it to
transpose in a genome in which a loss of function of the
searched-for gene can be recognized phenotypically. 1If such
a mutation occurs due to the insertion of the transposon into
the gene, DNA from the mutant can be hybridized with DNA from
the transposon. This allows the location of any site con-
taining the transposon. Such sites are then extracted with
the DNA surrounding them and cloned and should include the
mutated gene of interest (see for example Rubin and Sprad-
ling, 1983).

Once a gene has been cloned, its DNA can be sequenced (see
Maxam and Gilbert, 1977, and Sanger et al., 1977 for tech-
niques). Information derived from sequencing is stored in
computer data banks such as that of the BIONET electronic
network, funded by the U.S. National Institutes of Health.
Computer programs are available that allow the identification
of varying degrees of homology in DNA sequences or deduced
protein sequences (Kristofferson, 1987). Sequencing studies
have led to the determination of the general structures of
genes of different types, to the identification of particular
short sequences that act as signals for replication, the
start and end of transcription, the chemical modification of
DNA and many sequences that provide recognition sites for
various enzymes and regulatory proteins. Since the primary
sequence of nucleotides in RNA is determined by the sequence
in DNA, comparisons of DNA and RNA sequences shed light on
the various types of post-transcriptional modifications that
occur in higher organisms. The particular sequences that are
characteristic of the ends of transposons and viral genomes
capable of inserting into the genome of other organisms have
been identified as well as those of chromosome structures

such as centromeres and telomeres. Such studies have also
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helped to identify families of identical or similar genes.

Comparisons of sequences of similar genes from related spe-
cies can help in the understanding of how genes may evolve at
the molecular level, and the comparison of alleles elucidates
the nature of mutation (see for example Pastink et al.,
1989). A surprising homology recently discovered is that
between the Drosophila developmental gene wingless and the
mouse mammary oncogene int-1 (Rijsewijk et al., 1987). Many
Drosophila genes have been sequenced. Selected examples are
listed in the following table.

One example of a particular sequence of great interest, first
recognized in Drosophila, is the so-called homeobox, a 180
base pair sequence that was found in different genes regulat-
ing the control of pattern formation in Drosophila embryos.
Subsequently, homologous sequences have been found in a broad
range of vertebrates as well as in invertebrates (see review
by Gehring and Hiromi, 1986).

Machines are now available which can synthesize chemically
short pieces of DNA of desired sequence. These can be intro-
duced into native DNA molecules to produce site-specific mu-
tations, lead to new restriction sites and other variations
limited only by the imagination and ingenuity of the experi-

mentalists.

Understanding how genes are structured and how the various
kinds of molecular signals work has allowed genetic engi-
neering in the true sense of design engineering. Regulatory
signals from one organism can be spliced to protein-specify-
ing sequences from another and introduced into the genetic
material of still a different organism.

Once a particular gene has been cloned it can be introduced
into cells, and if it contains all the signals needed for
correct functioning, will produce its product. It has been
one of the hopes of modern genetics that this approach could
be used for the correction of genetic disease. This has been
accomplished in Drosophila. One example was the correction
of the abnormal behavior pattern of flies carrying the mutant
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Dr

hila n

Type of gene Locus

Reference

RNA:
ribosomal RNA bobbed (bb)
tRNA tRNATYT
enzymes alcohol dehy-
drogenase (Adh)
morphological:

eye color vermilion (v)

bristle absence achaete (ac)

developmental:
segmentation fushi tarazu (ftz)
engrailed (en)
polarity snail (sna)
behavioral:
rhythmicity period (per)

stress response heat shock (Hspé68)
(Hsp70)
homologs to mam- wingless (wl)
malian oncogenes sevenless (svl)
transposable elements:
DNA elements P
retrovirus-like copia

consensus sequences:

homeobox bithorax (bx)
Antennapedia (Antp)

enhancers various

promoters various

chromosomal structures:
telomeres

1988
1988

Tautz et al.,
Kubli et al.,
Goldberg, 1980
Benyajati et al., 1981
Pastink et al.,
Campuzano et al.,

1989
1985

Laughon & Scott, 1984
1985
1987

Fjose et al.,
Boulay et al.,
Bargiello & Young, 1984
Reddy et al., 1984
Holmgren et al., 1979
1983
1987

Southgate et al.,
Rijsewijk et al.,
Marx, 1989

O'Hare & Rubin, 1983
Rubin et al., 1981

McGinnis et al., 1984ab
1988

1989;
1989

Bray et al.,
Gilmour et al.,
Biggin & Tjian,

Rubin, 1978
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period (per) gene. Such flies do not lay eggs at times de-
termined by a light conditioned biological clock as normal
flies do. The mating songs produced by mutant males are also
abnormal (see review by Konopka, 1987). Zehring et al.
(1984) were able to introduce copies of the normal allele of
the per gene into embryos homozygous for the recessive abnor-
mality. The flies that eventually hatched showed normal be-
havior.

Studies of RNA

If the RNA product of a particular gene can be isolated from
cells, it can be used as a probe to find the chromosomal lo-
cation of the gene. One strand only of the double stranded
DNA molecule is used as a template for the formation of RNA.
RNA will thus be capable of hybridizing (base-pairing) with
the DNA strand that encoded it. Radioactively labeled RNA
can be allowed to renature to denatured DNA in chromosomes in
cytological preparations which are then exposed to a photo-
graphic emulsion. After development, the autoradiographs
will show the radioactive sites and their chromosomal loca-
tion can be identified by superimposing the autoradiographs
on photographs of the same cell stained to show cytological
banding. In a similar, way labeled RNA or DNA can be used as
probes for the location of complementary sequences of DNA or
RNA in specific organs of the fly. These techniques produce
beautiful pictures in which a particular gene product can be
located (see for example Fjose et al., 1985, and the front
cover of the issue of Nature in which this paper appeared).

Hybridization between RNA and its coding DNA can be visual-
ized directly by electron microscppy. Photographs of these
hybrids show the introns of genes looping out from the paired
region since they are still present in the DNA but removed
post-transcriptionally from pre-mRNA. Recent work on post-
transcriptional modification has shown that differential
splicing is an important mechanism in developmental regqula-
tion especially in sex determination (Baker, 1989).

Historically, geneticists have used naturally occurring or
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induced changes in genes (mutations) to find out what the
gene was actually doing. Since mutations occur more or less
at random, studies were limited to known mutants. Techniques
for producing RNA complementary to the normal gene product,
so-called antisense RNA, now exist. Antisense RNA, because
it can pair with DNA or RNA with complementary bases, can be
used to mimic the effects of mutation by interfering with
either the transcription or translation of the genetic mate-
rial (see Weintraub, 1990). This has produced the new field
of reverse genetics. It is interesting to note that it was
in Drosophila that the first demonstration of this was car-
ried out by H. Jackle and colleagues (Rosenberg et al., 1985)
who introduced antisense RNA to the Kriippel gene into normal
embryos. This produced phenocopies of the developmental ab-
normalities typical of Kriippel mutations. Antisense technol-
ogy promises not only to aid in genetic studies, but may also
provide possibilities for new approaches to the control of
viral diseases and growth of cancerous cells.

Studi f Proteins

Proteins make up the major part of the structures of living
organisms, and those that act as enzymes control metabolism.
Proteins can be isolated from Drosophila, and variation in
protein pattern studied by gel electrophoresis can give in-
sight into the amount of variability within individuals in a
population and between different populations (see for example
Choudhary and Singh, 1987). Other proteins bind in complex
ways to DNA and control gene activity. By using protein-spe-
cific antibodies, particular proteins can be located in spe-
cific regions of cells or of the body.

Elegant studies have allowed geneticists to start with a pro-
tein of interest, and working backwards, to locate the gene.
Antibodies can sometimes be used to identify parts of pro-
teins while they are still being synthesized on ribosomes.
The mRNA that is the product of the gene and the blueprint
for amino acid assembly can then be isolated from the ribo-
somes manufacturing the protein of interest. An enzyme which
makes DNA from an RNA template (reverse transcriptase) can
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then be used to produce DNA which is homologous to some of
the DNA of the gene which coded for the protein. This so-
called copy DNA can serve as a probe to locate the original
gene in the genome. Once located, the gene can then be
cloned and studied.

Biochemical techniques making use of antibodies specific for
individual proteins can be used to locate these proteins in
the body of the fly. For example, it was shown that the en-
zyme xanthine dehydrogenase, the product of the rosy (ry)
gene, was produced only in the Malpighian tubules and fat
bodies of the larva and not in the eye imaginal disc and yet
somehow functioned in the eye of the adult fly. This was
interpreted as meaning that the protein must be transported
to the eye. Most proteins that are exported from cells have
a group of amino acids at the amino terminal end of the mole-
cule, known as a signal sequence, which makes their secretion
possible. Xanthine dehydrogenase lacks this typical signal
sequence. However, sequencing the amino acids of the enzyme
led to the discovery of a particular sequence of amino acids
on the carboxyl terminal end which made the enzyme capable of
entering peroxisomes which presumably are involved in its
transport (Reaume et al., 1989).

Other examples ére the glass (gl) gene which is somehow need-
ed to produce normal photoreceptor cells in the eye (Moses et
al., 1989), and snail (sna), a developmental gene (Boulay et
al., 1987). The sequencing of their products® amino acids
has shown that they contain motifs that allow binding to

DNA. This allows one to speculate that they work at the DNA
level by switching on or off other genes needed for normal
differentiation.

We hope that the selected examples mentioned above will con-
vince the reader that Drosophila is playing an important role
as an experimental animal in the burgeoning field of molecu-
lar genetics. Throughout its some eighty years of use as a
model for genetic studies, this humble organism has served

science well and will no doubt continue to do so.
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9. Results and Answers



205

1. General

1.3 netic Terminol

The expected phenotype is normal or wild type.

3. Transmission Genetics

3.1 Dihybrid Cross with Independent Assortment

P: Phenotype: ? with vestigial wings
d with ebony body color

Fy: X; vg; +; + Phenotype:
X vg + + ?, normal wings
X; +; e; + X + e + normal body color
X vg + + ¢, normal wings
Y; +; e; + Y + e + normal body color

Interbreeding of F; (only autosomes carrying markers shown):
vgt/vg ; et/e b4 vgt/vg ; et/e

Both sexes produce the following 4 kinds of gametes:

et —, vgtet
vg+”’—’—

/ \ € ———p vg+e
+ +
\ va < eV —————p Vg €

e —m— vg e

F2: The progeny consist of 4 different phenotypes:

Genotype homo-

zygous for vg € vg e
‘"Wing s. normal vestigial| normal vestigial

Phenot. Body c. normal |normal ebony ebony

Expected ratio 9 3 3 1

To H

Observed (o) 1538 920 263 271 84

Expected (e) 865.1 288.4 288.4 96.1

(o-e) 54.9 -25.4 -17.4 -12.1

(o-e)2 3014.0 645.2 302.8 146.4

(o-e)2/e 3.5 2.2 1.1 1.5

P > 0.01

v

Chi2 = S [(o-e)2/e] = 8.3 0.05
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Answer ion

(a) P flies must be discarded from the vials because other-
wise it would be possible to find mutant flies (parental phe-
notypes) among the Fj and matings could occur between pa-
rents and Fj.

(b) Nonvirgin females may be used because a brother-sister
cross is performed, and all flies in the vial have the same
genotype.

(c) Nine different genotypes are expected.

(d) The ratio expected for the phenotypes is: 9 : 3 : 3 : 1.
(e) All four phenotypic classes are found in the Fj.

(£) The Chi2 calculation leads to a P value between 0.05

and 0.01 for the probability that the difference between ex-
periment and expectation is due to chance alone. This means
that the observed frequencies are statistically not in agree-
ment with the expectation. Therefore, are Mendel's laws
wrong? No, because the observed deviations show that the
phenotypic mutant classes are always underrepresented (o-e is
negative). This is most probably due to a delayed develop-
ment of vestigial and ebony flies compared with wild type
flies. For this reason it is important to collect and count
all the flies, including the late-hatching ones.

3.2 Sex-Linked Inheritance

Cross A Cross B
Phenotype: ?, red eyes ?, red eyes
d, red eyes d, white eyes

The XX females (homogametic sex) produce only one kind of
gamete (eggs carrying an X chromosome). The XY males (het-
erogametic sex) produce two different kinds of gametes
(X-bearing and Y-bearing sperm). With the exception of fer-
tility factors for spermatogenesis and a locus for ribosomal
RNA, the Y chromosome is devoid of genes, e.g. it does not
contain genes for eye color. For this reason the X chromoso-
mal genes are only present in one copy in the males (hemizy-
gous). The phenotype of the hemizygous genes is always ex-
pressed according to the allele present irrespective of its
being a dominant (+) or recessive (w) one.

Note: The X chromosome in sons is always inherited from the
mother. The father passes the X chromosome on to daughters
and the Y chromosome exclusively to sons.

3.3 Dihybrid Test Cross with Linked Genes

P: Phenotype: ? with white eyes and cut wings
¢ wild type
Fj: X, w ct Phenotype:
X w ct ?, normal eyes
X, + + X + + normal wings
X w ct d, white eyes
Y Y cut wings




Test or back cross:
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2?2 wect/ + + x g wect/ Y
_ Without recombination | With recombination
Female gametes + + w ct w o+ + ct
Genotype + + w ct w o+ + ct
of Fp w ct w ct w ct w ct
Pheno- Eye normal white white normal
type: Wing normal cut normal cut
Expected ratio <0.5 <0.5 >0 >0
Fly Count
Total = 1504 670 593 135 106
Number of flies with recombination . 135 + 106 - .16
Total number of flies counted 1504

The two genes w and ct are linked (progeny classes without
recombination are larger than those with recombination).

From the fly count above, the distance between the two genes
is estimated as 100 x 0.16 = 16 centimorgans. According to
published data the gene w maps at 1.5 and ct at 20.0 on the X
chromosome; therefore the distance is 18.5 centimorgans. The
experimentally determined values are usually underestimates
when only two markers are used.

3.4 Sex Determination

The results of the 3 crosses are (autosomes not included):

(a) ¢ X, w/ X, w x s XY, wt /0
gametes of 2 X, w
gametes of o : XY, wt and 0
Fy: Phenotype:
X, w
XY, wt X, w/XY, wt XX¥ ¢, normal eyes
I =10
0 X, w/0 X0 &, white eyes
I =0.5
(b) ¢ X, w/ X, w b4 d X, wt/ Y
gametes of % : normal: X, w
nondisjunction: X, w/X, w and O
gametes of & : normal: X, wt and Y

(nondisjunction very rare)
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Fy: normal nondisjunction
X, w X, wX, w 0
X, wt X, w/X, wt X, w/X, w/X, wt X, wt/0
1 3 5
Y X, w/Y X, w/X, wyY Y/ 0
2 4 6

Genotype I __ Phenotype

1 1.0 ? normal eyes

2 0.5 J white eyes

3 1.5 meta ¢ normal eyes, usually lethal
4 1.0 ? with extra Y white eyes

5 0.5 X/0 & normal eyes

6 0 Y/0 lethal

(¢) ¢ X, W/ X, w/¥Y x ¢ X, wt/ Y

gametes of ¢ : X, w/ X, w and Y as well as
X, w/Y and X, w
gametes of o : X, wt and Y
Fy:
X,w/X,w Y X,w/Y X,w
X,wt | X,w/X,wX,wt | X,wt/Y X,w/X,wt/Y X,w/X,wt
1 3 5 7
Y X,w/X,w/Y /Yy X,w/Y/Y X,w/Y
2 4 6 8
Genotype I ___ Phenotype
1 1.5 meta ¢ normal eyes, usually lethal
2 1.0 ? with extra Y white eyes
3 0.5 d normal eyes
4 0 /Yy lethal
5 0.5 ? with extra Y normal eyes
6 0.5 d with 2 Y white eyes
7 1.0 ? normal eyes
8 0.5 d white eyes
Triploid strain

In the two tables on the following page the results of the
triploid cross are given. The progeny consist of 8 aneuploid
genotypes which are lethal. 1In addition the meta females are
also usually lethal. 7 genotypes (a to g) lead to surviving
adults which can be distinguished phenotypically. Intersexes
are sterile due to malformation of the external and internal
sex organs. The diploid females are homozygous for dm and
therefore are sterile. 1In contrast, the females with an ad-
ditional X chromosome are fertile and have to be selected
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h rai
Q | — < < — < <
— << < <<
= << a < < b7 < <
— o _ ==
— < < < <<
e t < t 7 =
e e _ee ==
—_— < < <<
< |t =t 7 =
< | = < <
7 < << 1_____ e D
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—_— T < 7 <
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= |t =1t7 =
_ —_ == | — =< <<
f g
Genotype - _Phenotype
Sex Eye Body Ferti]
: color shape|] color lity
a XX/X 2/2/72 3/3/3 3n ¢ red [] yellow +
b XX/Y 2/2/72 3/3/73 ] 0.6| intersex|orange O yellow -
c XX/Y 2/72 3/3 orange O yellow +
d X/X 2/2/72 37373} 0.6] intersex|red ('] yellow -
e X/Y 2/2/2 3/3/3 | 0.3|meta ¢ |red ¢ yellow -
f X/X 272 3/3 ? red (] yellow -
g X/Y 2/2 3/3 0.5]¢ red ' yellow +
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and discarded when a triploid strain is kept in continuous
culture. They are easily distinguishable due to the orange
eye color. The viability of the meta males is strongly re-
duced. However, their phenotype is not distinguishable from
that of the normal males. The classification and counting of
a population of a triploid strain leads to the following ra-
tio of the different phenotypes:

triploid ¢ 31.8%
XXY ¢ 16.7%
XX 9 12.1%
d 35.6%
intersexes 3.8%

There are comparably few intersexes. This is caused on the
one hand by the reduced viability of these individuals, on
the other hand by the poor differentiation of this phenotype
from the others: Intersexes are only distinguished from the
analogous diploid individuals by their abnormally formed ex-
ternal sex organs.

3.5 Genetic Localization of Mutations Within the Genome

Example: ? e/e b4 éd Cy/Pm ; H/Sb
Fj: Class 2nd chrom. marker 3rd chrom. marker
1 Cy H
2 Cy Sb
3 Pm H
4 Pm Sb

Test Cross: ? e/e x d of phenotype Cy ; Sb (e/+)

Fp: Phenotypic Wing Bristle Body color
class
1 Cy Sb +
2 Cy + e
3 + Sb +
4 + + e
Answer o ion

(a) ebony did not segregate from the 2nd chromosome marker Cy
(in class 2, both appear together). (b) ebony did segregate
from the 3rd chromosome marker Sb. (c) ebony assorted inde-
pendently of Cy. (d) Each class has either Sb or e, never
both, never neither. (e) Therefore we conclude that e is on
chromosome 3.
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3.6 Mapping on a Chromosome

Class Phenotype Number Type of event
Eye Wing Bristle of flies
1 w m £ 48 no crossover
2 + + + 55
3 w + + 30 single c.o. w - m
4 + m f 26
5 w m + 14 single c.o. m - £
6 + + f 15
7 w + £ 5 double c.o.
8 + m + 7
] Total: 200 ]

_ 30 + 26 + 5 +7 _- _68 _ .340 = 34.0
w-nm 200 200 0.3 %
. 14 + 15 + 5 + 7 . 41 _ =

- £ = = 0.205 = 20.5%
m 200 200

Map: w € 34 > mé&—20.5—>f
1 ] 1

The map positions of the three genes on the X chromosome
are: w=1.5, m=36.1, f = 56.7.

2L 2R
X >< 3L 3R 4
Genotype: —____4
X 3L 3R 4
2L 2R

Expected oocytes:

X —— X — X —— X e
> | ><t

2L 2R | 2L 2R

3 3 - 3 - 3 ——
4 — 4 — 4 — 4 —

Reasons for this expectation: Usually the homologous chromo-
somes produce a tetrad in meiosis consisting of 4 chromatids
with 4 centromeres. In the compound chromosomes, the identi-
cal arms pair so that a tetrad is formed with four chromosome
arms but only two centromeres. If the assortment of 2L is
independent of 2R, then the 4 types of gametes given above
are expected.
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Cross 1:
?2 C(2L)RM, j; C(2R)RM, px b 4 ¢ wild type
2 NQ B 2 2L+ + 2R
2L 2R 2L+ - + 2R
i px
?
d
———
a b c d
a lethal, 2L present three times and 2R only once
b lethal, 2L present once and 2R three times
c lethal, 2L and 2R present three times (trisomy)
d lethal, 2L and 2R present only once (monosomy)

Rare exceptions (approx. 1 in 10 000 zygotes) can be the re-
sult of nondisjunction of the 2nd chromosomes in spermatogen-

esis.

Sperm which carry no 2nd chromosome or two of them,

can produce viable zygotes in combination with type c or type
d of the female gametes given above.

Cross 2:
? C(2L)RM, j; C(2R)RM, px x J C(2L)RM, b; C(2R)RM, cn

?

d

P (S
j px

>

=X

K
i px
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Cross 3:
? C(2L)RM, b; C(2R)RM, px x J C(2L)RM, j; C(2R)RM, cn
: ::f; iz:: ::f;'gf::
¢ b pX b px
>t X
i i px
52::: b c¢cn
cn ::;? cn
j cn j cn
K
b px
Table
Cross | Phenotype: + j px j cn b px b c¢n
expected 0 0 0 0
1
observed 0 0 0 0
expected 25% 25% 25% 25%
2
observed 8 286 346 5
expected 25% 25% 25% 25%
3
observed 781 6 18 873

The results of crosses 2 and 3 do not agree with the expecta-
tion. Obviously, in both crosses those progeny types predo-
minate which have inherited one compound chromosome each from
both parents. From this we can conclude that in one or in
both sexes the segregation of the compound chromosomes is not
random. It has been shown that the segregation is random in
the males, but in the females the majority of the oocytes
produced contain one compound chromosome each.

Note for instructor: In cross 1 compound females were used
because these have to be collected for cross 2. The same
result is also obtained when a reciprocal cross of wild type
females with C(2L)RM, j; C(2R)RM, px males is made.
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Meiotic Mutan

Problem 1: Influence of the mei-9 mutation on nondisjunction
frequencies

Cross A: ? wild type b 4 d X, B/sY
Fy: nondisjunction
d 2?1 x X/ X -
X, B X/ X, B X/ X /77X, B X, B
1 3 5
Y X/ Y X/7X/7%Y )'4
2 4 6
Phenotype:
1 ? XX kidney-shaped B/+ eyes
2 S XY normal eyes
3 ? XXX meta female, usually lethal
4 ? XXY normal eyes
5 d X0 Bar eyes
6 - YO lethal
Cross B: 2?2 y w mei-98/y w2 mei-98 x 4 X, B/ Y
Fi: nondisjunction
2|y wd mei-98 y w@ mei-92 -
Jd y wd mei-92@
y w@ mei-92 y w8 mei-92
X, B X, B y w2 mei-93 X, B
X, B
1 3 5
| v w@ mei-92 y w@ mei-92
Y Y y w@ mei-98 Y
Y
2 4 6
Phenotype:
1 ? XX kidney-shaped B/+ eyes
2 d XY yellow body, apricot eyes
3 ? XXX meta female, usually lethal
4 ? XXY yellow body, apricot eyes
5 -3 X0 Bar eyes
6 - YO0 lethal
Fl nt:
Series XX 9 XY & XXY 9 X0 & Total
wild type 1175 1051 1 0 2227
mei-9 781 577 99 67 1524
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Frequency of nondisjunction:
wild type : 1/2227
mei-9 : (99+67)/1524

0.04%
10.9%

In females which are homozygous for mei-9 the frequency of
nondisjunction of the sex chromosomes is drastically in-
creased. Nondisjunction of the autosomes leads to inviable
aneuploid progeny.

Probl 2: Influen f the mei-9 m ion on cr in ver
frequencies
without recombination with recombination
d 2l + + y cv + cv y +
+ + y cv + cv Y +
7 7 7 7 - 7
Phenotype:
Body color normal yellow normal yellow
Crossveins present missing missing present
Fly Count: Total:
wild type 736 429 69 61 1295
mei-9 269 165 14 8 456

Frequency of recombination:
wild type : (69+61) /1295
mei-9 : (14+ 8)/ 456

10.04%
4.82%

In homozygous mei-9 females the frequency of crossing over is
reduced. Due to the fact that in the same type of females
the frequency of nondisjunction is increased (see problem 1),
these experiments show that there is a link between crossing
over and nondisjunction in meiosis. Apparently, the chias-
mata which are a consequence of crossing over, play an impor-
tant (but so far not completely understood) role in the con-
trol of the correct segregation of chromatids in the two mei-
otic divisions. 1In somatic cells of mei-9 mutants a defect
in the enzymatic repair of DNA damage was found: The effects
of the mei-9 mutation in somatic cells (and most probably
also in meiotic cells) are caused by a nearly complete lack
of DNA excision repair.

4. Phenogenetics

r r ff n Expr ion of n

Classification of wings:

Series Temp. I II III v v VI VII N
A 25°C 0 2. 16 64 131 377 194 784
B 29.5°C 6 345 250 134 78 105 24 942
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Na = 784 Ng = 942
Z(fixj) = 4583 Z(fijx3) = 3170
A = 5.85 25 = 3.37

S = Vi.é = 1.26

t = 40.7

a.f. = 1724

P <« 0.05

The difference between the distributions of the phenotypic
classes found in the two series at 25°C and 29.5°C is signi-
ficant. At the higher temperature the wings of the vg/vg
flies are significantly longer than at the normal culture
temperature. The development of the wing is under the con-
trol of a complex polygenic system including the gene vesti-
gial among many others. By increasing the culture tempera-
ture many temperature-dependent reaction constants are af-
fected in various ways, and in consequence of this a longer
wing is produced in the vg/vg genotype. When culture temper-
ature is increased, the penetrance of the genotype becomes
incomplete. It sinks from 784/784 = 100% to 936/942 =

99.4%. For judging the expressivity, we only consider the
classes in which the vestigial phenotype is manifested, i.e.
we leave out class I. Only 6 wings in the 29.5°C series have
to be deleted as compared with the calculation of the mean
given above. The mean for the expressivity at 29.5°C is
3164/936 = 3.38. This value has to be compared with the mean
at 25°C (with 100% penetrance) of 5.85. This value calcu-
lated in relation to the class numbering shows that the wings
are substantially smaller at 25°C.

4 T r £ i n

The classification of ss@40a flies raised at different cul-
ture temperatures gave the following results:

Temp .| Number Both antennae | Intermediate | Both antennae
of flies | wild type (%) (%) transformed (%)

18°C 110 0 35 65

20°C 112 32 36 32

25°C 99 84 16 0

29°C 110 0 13 87

The higher culture temperature affects both penetrance and
expressivity of this gene: The penetrance at 25°C is only
16% whereas it is 100% at 29°C. 1In addition the expressivity
is higher at the higher temperature, i.e. there are more
strongly transformed phenotypes. The product of this gene
behaves most like the wild type product at a temperature of
25°C. From the additional data given above with results from
lower temperatures it can be seen that the effect of tempera-
ture is not continuous because at 18°C the penetrance and
expressivity are again increased compared to 25°C.
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n wi rmal E

Answers to questions

(a) In bw/bw animals no red eye pigments are produced.

(b) In st/st flies the brown eye pigments are missing.

(c) In the Fp a 9 : 3 : 3 : 1 ratio of wild type : brown :
scarlet : white eyes is expected.

F1: d ? bw stt
bt st gw+ :t* normal eye color
wt s W

All F; individuals show a normal wild type eye color.

Fa: % bwt/bw; st*/st x J¢ bwt/bw; stt/st

2| bwt st+ bw stt bwt st bw st
bwt stt bw stt bwt st bw st
bwt stt bwt stt bwt stt bwt stt bwt stt
normal normal normal normal
bwt stt bw stt bwt st bw st
bw stt bw stt bw stt bw stt bw stt+
normal brown normal brown
bwt stt bw stt bwt st bw st
bwt st bwt st bwt st bwt st bwt st
normal normal bright red | bright red
bwt stt bw stt bwt st bw st
bw st bw st bw st bw st bw st
normal brown bright red | white

In the F; a double homozygous class, bw/bw; st/st, is ex-
pected. This corresponds to the white (or slightly yel-
lowish) eye color. The very light color shows that both pig-
ment components are missing in these individuals. Therefore,
this experiment confirms the hypothesis that the brick red
eye color of the wild type is produced by two different types
of pigment.

Notes for instructor

(1) The yellowish color in bw/bw; st/st flies is the result
of a block in the synthesis of the brown pigments in the mu-
tant st in a step where yellowish intermediate products are
accumulated.

(2) For technical reasons, in this experiment it is advis-
able to use the st pP/st pP strain instead of the st/st
strain (see also experiment 5.2). The addition of the gene
pP leads to a completely white eye color in the bw/bw; st
pP/st pP individuals. The genes st and pP are closely
linked so that there is hardly any crossing over in the
heterozygous F; females, and therefore the phenotype pP

(dull red) appears only very rarely. The gene pP has been
omitted on purpose in order to illustrate the fundamental
principle of the experiment.

(3) The experiment can also be done with the reciprocal
Ccross.
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4.4 hrom raphic Analysi fE lor n

The evaluation of the chromatogram gives the following inven-
tory of UV fluorescent pterines in the 5 different mutants:

Strain: + se ry2 wa w
Isosepiapterin + + + -) -
Biopterin + ++ ++ (-) -
2-Amino-4-hydroxypteridin + ++ ++ (-) -
Sepiapterin + +++ o+ (-) -
Xanthopterin + ++ + (-) -
Isoxanthopterin + ++ - (-) -
Drosopterins + - (+) (=) -
sepia: Sepiapterin, isoxanthopterin and xanthopterin are

increased, the drosopterins are missing. Block between se-
piapterin and drosopterins.

rosy: 2-Amino-4-hydroxypteridin increased. Isoxanthopterin
missing. Hypothesis: Deficiency of the xanthine dehydroge-
nase activity. Can also be shown enzymatically. Traces of
drosopterins present. Probably a second, less efficient syn-
thesis pathway for the drosopterins via xanthopterin present.
white-apricot: All pigments are in general strongly re-
duced. Hypothesis: Probably a defect present in the binding
of the pigments to the protein granules (which are synthe-
sized under the control of the wt locus) so that the syn-
thesized pigments are not stabilized and not maintained.
white: No pigments whatsoever are found. Hypothesis: Lack
of the protein granules required for the binding of the pig-
ments.

4 T lan ion of E Imaginal Di

The synthesis pathway including the intermediate products (as
determined biochemically) is as follows:

tryptophan —» formyl- — kynurenine —»hydroxy — brown eye
kynurenine kynurenine pigments
V+I cn+I st+I
The correct temporal sequence of the gene functions therefore
is: v - cn - st. It is evident that at the most, as many
synthesis steps can be distinguished as there are mutants
available. Those steps in which no mutation of the gene re-
sponsible is available cannot be identified. In addition, in
a larger series of various mutants it is conceivable that
several mutants affect the same step.

Additional problems

(a) The +/+ eye disc is fully autonomous in producing all
the wild type pigments.

(b) Most probably the intermediate product(s) required in a
st/st disc for the production of the brown pigments is not
able to diffuse into it and, therefore, is not able to cause
the synthesis of these pigments.
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4 lemen ion of an E 1 M n

We find the following eye colors of the flies in the four
different series:

v; bw + antibiotics : white eyes
v; bw + kynurenine : brown eyes
cn bw + antibiotics white eyes
cn bw + kynurenine : white eyes

We see that in both strains the expected white eye color is
present in the vials treated with antibiotics only. However,
if kynurenine is fed, brown pigments are produced in the
strain v; bw but not in the strain cn bw. This shows that in
the mutant vermilion the block in the synthesis pathway can
be circumvented by feeding kynurenine, while this is not pos-
sible in the mutant cinnabar which is blocked later. (Com-
pare also with solution of experiment 4.5).

Note for instructor: Should the kynurenine not dissolve com-
pletely, it can also be fed as a suspension. The experiment

can be continued for another generation by intercrossing the

brown-eyed v; bw flies which have been treated with kynuren-

ine. Their progeny will show again the white eye color which
demonstrates that the genotype of the flies has not been al-

tered by the kynurenine treatment.

4.7 neti mplemen ion and Allelism

Example:
Phenotype of Conclusion
heterozygote
wild type nonallelic
mutant allelic
4 Tran le Elem
The analysis of the ovaries leads to the following results:
Cross Number of females with: Dysgenic
Both ovaries One ovary No normal ovaries
normal normal ovaries (%)
1 20 0 0 0
2 20 0 0 0
3 20 0 0 0
4 0 1 19 39740
=97.5%
Dysgenesis is only observed when P elements are introduced

into an M cytotype at high temperature (cross 4).

Other possible control crosses:
S w(M)
wt(P)

?2 w(M) x
? wt(P) x

at 20°
at 20°

and 28°C
and 28°C
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5. Mutation Genetics

I ion and D ion of -Link R iv hal
P: ? Basc, w@ B / Basc, w@ B x d X/7¢Y
EMS-treated
S ? Basc, w2 B 41[ Phenotype:
X (EMS) Basc, w3 B kidney-shaped B/+ eyes,
X(EMS) normal eye color, 2
v Basc, w@ B narrow bar eyes,
Y apricot eye color, o

Fy: ? Basc, w@ B / X(EMS) x J Basc, wa B/ Y

P ? Basc, w3 B X(EMS)
Basc, wa B Basc, w2 B X(EMS)

Basc, w@ B Basc, w2 B
v Basc, w3 B X(EMS)

Y Y
Fop:
Genotype Phenotype

Sex Eye shape Eye color

Basc,w? B/Basc,w@ B ? Bar apricot
Basc,w? B/X Q kidney normal (brick red)
Basc,w? B/Y d Bar apricot
X/Y d round normal (brick red)

In the F, the EMS-treated X chromosome is hemizygous in all
X/Y males. A recessive lethal induced in this chromosome
will manifest itself phenotypically, i.e. it will lead to the
lack of this Mendelian class in the F,. The parents need
not be discarded because the male has an apricot Bar eye
which does not interfere with the classification of a le-
thal. The F] females must be cultured individually because
each of them represents one single X chromosome originating
from one treated sperm. 1In each Fy vial only one X chromo-
some can be tested for the presence of a recessive lethal.
When only about 100 tests are analyzed in each series the
following results are obtained:

With lethal With lethal Rate
Control 89 1 1790 = 1.1%
25 mM EMS 81 11 11/92 = 12.0%

In a more extensive study with EMS treatment the following
results were obtained: 0.1 mM: 42/6296 = 0.67%; 0.5 mM:
113/5549 = 2.0%; 1.0 mM: 102/2540 = 4.0%; 25 mM: 1028/2390
= 43%.
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: In the long-term culture of the Basc
strain flies with normal round eyes occur occasionally. This
is caused by rare unequal crossing overs within the Bar re-
gion. Bar is a duplication (Bridges, 1936). Unequal cross-
ing over leads to a reverted Bar (normal eye size) and a
triplication (still narrower eyes than Bar) (Sturtevant,
1925). The atypical chromosomes with the reverted Bar can be
eliminated by discarding the aberrant males and females (with
B/+ phenotype). The strain itself is not affected by such a
crossing over event.

Liter

BRIDGES, C.B.: The Bar “"gene" a duplication. Science 83,
210-211 (1936). In: Classic Papers in Genetics (ed.
J.A. Peters). Englewood Cliffs NJ: Prentice-Hall 1959.

STURTEVANT, A.H.: The effects of unequal crossing over at
the Bar locus in Drosophila. Genetics 10, 117-147

(1925). 1In: Classic Papers in Genetics (ed. J.A.
Peters). Englewood Cliffs NJ: Prentice-Hall 1959.
n r 1
P: 9 X/X; 2%/2%; 3*/3*% x d X/Y; 2/2; 3/3
(irradiated)
? S| x;2;3 Y;2;3
X ; 2% ; 3* X/X ; 2/2% ; 3/3% X/Y ; 2/72% ; 3/3%

All F; individuals, females (X/X) as well as males (X/Y),
are heterozygous for the recessive markers (2*/2; 3*/3
bw/bwt; st pPs/stt pPt+) and therefore have normal red
eyes.

Fy: @ X/X; 2*/2%; 3*/3* X § X/Y; 2/2%; 3/3%

Class:|A B (o} D E F G H
X23 Y23 X2*3 Y2*3 X23* Y23* X2%3%] Y2%*3*
X/X X/Y X/X X/Y X/X X/Y X/X X/Y

X2*%3% | 2%/2 2%/2 2%/2% | 2%/2% | 2%/2 2%/2 2%/2%| 2%/2%
3*/3 3*/3 3*/3 3*x/3 3%/3%| 3%/3%| 3%/3%| 3*/3%

=

Sex ? d ? d ? d ? d

Eye yel- yel-

color | red red brown | brown | low low white| white

When a 2/3 translocation is present, classes B and D become:

Class B Class D
Q S| ¢ 2T 3T ? S| y 2% 3T
X 2% 3% X 2% 3%
X 2% 3% y 2T 3T X 2% 3% y 2+ 3T
viable lethal

Progeny of class B contain an euploid genome with a complete
reciprocal translocation and are, therefore, viable.
of class D are aneuploid; they contain the segment of chromo-

Progeny
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some 2 involved in the translocation three times, but the
segment of chromosome 3 only once. Such individuals are
lethal, i.e. in the F3 the males with brown eye color are
missing.

In the case of the translocations T1 (2T/3T), T2
(¥T/2T) and T3 (YT/3T) the following classes of
progeny are present in the Fj:

T1 T2 T3
female, red male, red male, red
male, red female, brown male, brown
female, white male, yellow female, yellow
male, white female, white female, white
In an actual experiment these results were obtained:
Normal T1 T2 T3 Total Rate
Control 211 - - - 211 0/211 = 0%
4000 R X-rays 336 69 1 2 408 727408 = 17.6%

Such a frequency corresponds to the expectation in as much as
one finds approximately 20% translocations in larger experi-
ments (Gonzales, 1972). The low rate of Y-autosome translo-
cations is due to the fact that F; males which carry such a
translocation are very often sterile.

5.3 Mutagen-Induced Sex Chromosome Losses
Cross 1: ? X, yw b4 d XC2, y £ / y+ ¥ BS

In the checkerboard below only the phenotypes are given (sex,
eye shape, eye color and body color).

normal nondisjunction

J 9 X, yw X, yw/X, yw -
?

XC2,y f normal lethal lethal*
red :
yellow
J ?

y*ty BS Bar kidney-shaped lethal
white white
normal normal
X0 & ?

- normal normal lethal
white white
yellow yellow
J ?

yt normal normal lethal
white white
normal normal
d ?

BS Bar kidney-shaped lethal
white white
yellow yellow
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* These X/0 J& die because the ring-X chromosome contains a
recessive lethal which manifests itself only in the absence
of a Y chromosome (Y-suppressed lethal).

Literature on Y-suppressed lethals

LINDSLEY, D.L., EDINGTON, C.W., VON HALLE, E.S.: Sex-linked
recessive lethals in Drosophila whose expression is sup-
pressed by the Y-chromosome. Genetics 45, 1649-1670
(1960) .

LINDSLEY, D.L., EDINGTON, C.W., VON HALLE, E.S.: The effect
of gametic genotype on the radiation sensitivity of Dro-
sophila sperm. 1In: Repair from Genetic Radiation Damage
(ed. F.H. Sobels). Oxford: Pergamon Press 1963.

Cross 2: 9 X, y wd mei-98 x 4 XC2, y £ 7/ y+ ¥ BS

In this cross essentially the same types of progeny are pro-
duced as in cross 1. Only the white eye color marker w of
the first cross is replaced here by w2, which results in
apricot eyes.

Fly count:

XX ? XY & X0 & PL & PL J& ND ¢ Total

(-ND)

Eye form + + + B/+/+
Eye color | + w(a) w(a) | w(a) w(a) w(a)
Body col. | ¥y + y y + +
Yy w ==i=====
Control 244 260 3 - - - 507
Yy w
MMS 1148 1211 45 - - 4 2404
mei-94d
Control 206 192 5 - - - 403
mei-94a
MMS 608 936 61 1 2 5 1608

Rates of chromosome losses:

yw Control : 3/ 507 = 0.59%
y w MMS 45 / 2404 = 1.87%
mei-92 Control : 57 403 = 1.24%
mei-92 MMS 64 / 1608 = 3.98%

Both spontaneously as well as after MMS treatment, the rates
of sex chromosome losses are higher with mei-9 females than
with y w females which are excision repair-competent. DNA
damages in the chromosomes of the sperm which are normally
repaired persist in the mei-9 eggs and lead to chromosome
losses in the first round of replication, i.e. in the dupli-
cation of chromosomes before the first cleavage division.
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4 matic M ion and Mi ic R mbination
probl 1 Wi . inal di
¢ + flr3 + / TM3, + + Ser x & mwh + + / mwh + +

d ? + flr + + + Ser

mwh + + + flr + + + Ser
mwh + + mwh + +

Phenotype: normal wings Serrate wings

The microscopic analysis of wings from adults which were ir-
radiated as larvae with 1500 R X-rays gives these results:

Experiment Number of Single spots Twin spots
wings (w) s s/w t t/w

Control 96 21 0.22 1 0.01

X-rays 12 43 3.58 4 0.33

Both in the control as well as in the irradiated series one
finds more single spots than twin spots. Twin spots are the
result of mitotic recombination in the chromosome segment
between the centromere and the flr locus. Single spots are
the result of mitotic recombination between the flr and the
mwh locus. In addition, single spots can also be produced by
mutation or deletion. The flare clones have a reduced via-
bility compared with the multiple wing hairs clones and can
be lost during development. In this case it is possible that
instead of a twin spot only an mwh single spot is left. The
frequency of small spots, i.e. only 1 or 2 cells in size, is
much higher among the single spots than among the twins.
These small spots are the consequence of mutational events
occurring late in development of the wing, or they represent
clones of aneuploid cells which are unable to divide further.

Problem 2: E imaginal di

2 wCO sn/wCO% sn ; ses/se b4 ¢ w snt/Y ; se/se

d Q wCO sn ; se Phenotype:

w snt; se wCO sn se ?, intermediate
w snt se eye color

Y; se wCO sn se d, dark brown
Y se eye color

The arrangement of the sectors in the eye shows that there
are groups of ommatidia which always develop in the same way
from individual cell lines during eye differentiation.
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6. Population Genetics

6.1 Determination of Allele Frequencies in Populations in
Hardy-Weinberq Equilibrium

Frequency of T alleles = p, frequency of t alleles = q.
Total p+q = 1.

rental neration Oocytes
P (T) q (t)
p (T) p2 (T/T) p.q (T/t)
Sperm
q (t) p.q (T/t) q2  (t/t)

Frequencies in the Fy: p2 (T/T) & 2pg (T/t) & g2 (t/t)

Frequency of oocytes produced by the females:

T oocytes t oocytes
T/T females p2 -
T/t females rPq pg
t/t females - q
Total: p2 + pq pq + q2
= p(p+q) = q(p+q) Note: p+g=1
=P =q

This shows that the females of the Fj produce T and t
oocytes in the same frequencies as the females in the
parental generation,

6.2 Variations in Populations with Natural and Artificial
Selection

Experiment A: NATURAL 1 ion

The simplest assumption is that the Hardy-Weinberg law can be
applied. We assume: (1) Panmixia (no mating preferences),
(2) equal fertility of all genotypes, (3) equal viability of
all genotypes. Therefore we expect that the population will
show the following composition in all generations:

Genotypes A/A A/a a/a
Frequency p2 2pq q2
\ 7
N\
Phenotypes A a
Frequency p2 + 2pq q2

This prediction should be valid especially for the F, be-
cause the F, is the progeny of many crosses A/a x A/a. Due
top=q= 0.5, the frequencies of the phenotypes should be A
= 0.75 and a = 0.25.
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The results of an experiment using the vg marker are as
follows:

Gene- Total Number of Number of Frequency of
ration flies A flies a flies a flies (%)
Fp 1948 1516 432 22.2

F3 1179 1001 178 15.1

Fy 773 710 63 8.2

Fg 2190 1902 288 13.2

We see that the result is not in agreement with the expecta-
tion. Apparently one of the assumptions is not fulfilled:
Not all genotypes have the same viability. The homozygous
a/a flies show reduced survival and are present in lower fre-
quencies than expected.

Experiment B: ARTIFICIAL Selection
In this experiment in each generation the homozygous a/a

flies were eliminated completely. Thus our population has
the following composition:

A/A A/a a‘/a Frequency
of a
Initial population p2 2pq q2 q
2
. _.,.P _.2pq 0 g9
After selection P27+ 2pal| P27+ 2pg T+q

The frequency of a in the population used for subculturing is
therefore (note that p+q = 1):

1 2pq pq Pq q

2 p2 + 2pq p2 + 2pq p(p + 2q) 1+ q

We see that the formula for the q values of two subsequent
generations is:
q1
a2 = R ———
1 + q3

This is the equation of an harmonic sequence. For this rea-
son it is possible to give a general formula for the q values
which allows to determine this value for any generation n al-
ways with complete elimination of the homozygous genotypes:

)

dn =
1 + n.qq

Our experiment started with a population in which p = q = 0.5.
From this we find with the formula above these theoretically
expected q values:
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Generation a a2
) 0.5 0.25

F3 0.33 0.108
Fy 0.25 0.062
Fs 0.20 0.040
Fg 0.166 0.027
Fy 0.142 0.020

In an actual experiment with vestigial flies the following
result was obtained:

Gene- Total Number of Number of Frequency of
ration flies A flies a flies a flies (%)
Fy 1948 1516 432 22.2

F3 1413 1245 168 11.9

Fy 1684 1575 109 6.5

Fg 1603 1457 146 9.1

A comparison of the theoretical and the experimental results
is shown in this graph:

freq. natural selection
(%) - — — artificial selection
259  «  eseaeaae theoretical expectation
20 1
15 -

10 1

5-

0

w
4

Generation (F)

From these results it can be concluded that it is not possi-
ble to eliminate a recessive mutant completely from a popula-
tion by continuous selection against the homozygote only.

6.3 Mating Behavior

In nature the two sexes of the fruit fly meet at places where
they feed, for example on fresh or also on fermenting fruit.
First the male orientates himself relative to the female:

The male is positioned with front towards the female and lat-
erally close to her. This orientation which occurs at a dis-
tance of approx. 2 to 3 mm is the first element in the mating
behavior. The male tries to keep this orientation position
later on when the female moves away. When the female is im-
mobile for a while, the male starts to circle the female with
his head always towards her. After some time the male starts
to touch the female with his forelegs. This element of the
mating behavior is not essential in Drosophila melanogaster
in contrast to other species. While the male is circling the
female he starts to vibrate one wing repeatedly; he spreads
the wing closer to the female at a right angle and vibrates
it rapidly before bringing it back into normal position. 1In
this display of the wing the male lowers the rear edge of it
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so that the wing surface is inclined towards the female. Vi-
bration phases normally last only for a few seconds, but are
often repeated many times. During longer mating rituals one
can observe longer and shorter vibration phases in irreqular
intervals. If the female does not move, the male then posi-
tions himself directly behind the female with his head close
to the female's abdomen. Now the male starts to lick the
genitalia of the female with his proboscis. This happens
immediately before a mating attempt. The male positions him-
self with his forelegs under the abdomen of the female and
starts to bend his abdomen under the forepart of his own body
towards the female genitalia. This movement is accompanied
by a mounting of the front legs over the female abdomen so
that the legs help to spread the female wings. When the fe-
male is receptive for a copulation, then the wings are pushed
aside with the head and the front legs. The male embraces
the female abdomen with his second pair of legs and clutches
himself with the claws of the front legs at the base of the
female wings. The sex combs help to hold on. The copulation
takes place in this position. Normally the pair remains mo-
tionless during this phase. The female may feed or ward off
other courting males. The female may occasionally vibrate
her wings or tread with her hind legs. The copulation nor-
mally lasts for 15-20 min, but there are large, genetically
controlled variations known in this behavior. The mating is
interrupted when the female tries to close her wings and
pushes the male backwards. The male has to turn around 180°
in order to disengage from the female.

6.4 Mating Preferences

Cross Number Vials with progeny
of vials (n) (%)

yt/yt x ytsy 82 78 95.1

yt/yt x y/Y 85 32 37.6

The yellow males compared to wild type males have a drasti-
cally reduced rate of successful matings with wild type fe-
males. This is caused by a mutant mating behavior because
the yellow males vibrate their wings in much shorter phases
and with longer intervals. Apparently the females receive
these stimuli with the antennae less well, which leads to the
mating failure of the yellow males.
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7. Cytology and Cytogenetics

7.1 Micr ic Analysi £ Mi i Pol hrom m
) 10
| I T—
um
‘//( 7 /(
X X X

Chromosomes of dividing cells in the neural ganglion of wild
type larvae. From Ransom (1982).

7.2 Balancer Chromosomes
Problem 1: Analysi f inversion 1
The black triangles and the points in the diagrams give the
positions of the breaks. The analysis of these inversion
loops leads to these results:
(a) Chromosome with two separate inversions:
AAE D C B,FaH G,I
A.B C D E.F H G,I
A.BCDE.F.G H.I
(b) Chromosome with one inversion enclosing the other:
A B,H G,E FoD C,I
A BJH G.F E.D C,I
A B.C D.E F.G H.I
(c) Chromosome with two overlapping inversions:
ALF G HaD C B,E,I
A.B C D4H G F.E,I

A.B CD.E.F G H.I
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p m . r . . . . r

The four chromatids have the following structure after the
crossing over event:

(1) ABCDETF (5) normal chromosome
(2) ABCDEA A (4) dicentric chromosome
(6) FEDCBTF (8) acentric fragment
(3) AEDCBTF (7) inversion chromosome

The two chromatids taking part in the exchange lead to abnor-
mal products: one dicentric chromosome with two centromeres
and one acentric chromosome fragment without a centromere.
The consequences in the further course of meiosis are given
in this diagram:

c)

@

\@@

a) The dicentric chromatid leads to a chromatid bridge in
anaphase of the first meiotic division. The acentric frag-
ment is unable to move to a spindle pole; it lags and gets
lost.

b) The chromatid bridge breaks. This happens at the physi-
cally weakest point of the chromatid which is not identical
with the crossover position.

c) In the subsequent second meiotic division four gametes
are formed. Only two of them contain the complete chromo-
some: No. 1 the normal chromosome and no. 4 the inversion
chromosome. The other two gametes lack the information lost
with the acentric fragment and in addition they contain a
fragment of the broken dicentric chromosome. Gametes no. 2
and 3 lead to aneuploid, inviable combinations after insemi-
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nation. Furthermore they contain chromosome fragments with
open breaks which can lead to so-called breakage-fusion-
bridge cycles (for further details see Rieger et al., 1976).
In certain cases the chromosome bridge does not break. This
leads to an arrest of the meiotic division and thus to the
loss of a whole tetrad of gametes.

Based on these observations one expects that in inversion
heterozygotes the fertility should be reduced depending on
the size of the inversion. In Drosophila melanogaster a very
special situation is encountered: In contrast to the expec-
tation, inversion heterozygotes show normal fertility. For
example, in the test for sex-linked recessive lethals the
Basc/+ females are just as fertile as are the +/+ or Basc/
Basc females. Nevertheless, practically all crossover pro-
ducts of the X chromosome are eliminated completely by the
two inversions (one enclosing the other) of the Basc chromo-
some. Beadle and Sturtevant (1935) have shown that in the
female meiosis the chromosome bridges lead to a new orienta-
tion of the diads. Because the three haploid products of
meiosis lying closest to the egg surface are eliminated as
polar bodies, the chromatids involved in the crossing over
within the inversion loop are therefore also eliminated.

The figure below summarizes these events (after Strickberger,
1976).

polar
bodies

female
pronucleus
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