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The evolution of sex chromosomes in insects: Differentiation of sex
chromosomes in flies and moths*
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Abstract. Although a monophyletic group, male (XX/XY) and female heterogametic (WZ/ZZ) sex chromosome systems with a cou-
ple of variants like XX/X, Z/ZZ and multiple sex chromosome systems occur in insects. Molecular and morphological differences
between X and Y or W and Z range from imperceptible to conspicuous. This article illustrates sex chromosome differentiation
mainly in two fly species, Drosophila melanogaster and Megaselia scalaris, and in Lepidoptera. The earliest phases of XY evolution
are present in the fly M. scalaris. Occasionally in this species, the male determining gene jumps to another chromosome, transform-
ing the new host chromosome to a functional Y chromosome. Thus, in M. scalaris there are strains with virtually no XY differentia-
tion (except for the sex determining function) and others with a moderate degree of differentiation. Base substitutions and alterations
like sequence deletions, duplications, and insertions of mobile sequences mark the onset of molecular differentiation. Accumulation
of molecular changes and coarser alterations are thought to lead to the morphological differences seen in WZ chromosome pairs of
Lepidoptera. The W chromosome probably evolved in the most numerous clade of Lepidoptera, the Ditrysia, after it diverged from
the common lepidopteran stem. Extant species display various degrees of molecular and morphological differentiation of the W
chromosome, translocation or fusion with autosomes, and loss of the W,

INTRODUCTION species. But Shaw & Mohler (1953) showed that selec-
tion favours it for different reasons. If females and males
are not present at a 1 : 1 ratio, the mean genetic contribu-
tion to the next generation, of an individual from the un-
derrepresented sex, is higher than that of one from the
overrepresented sex. Hence, genetic factors that bring
about the underrepresented sex, are bound to become
more frequent in the next generation. This may explain
the tendency in gonochoristic organisms to have mecha-
nisms such as this backcross scheme that result in a stable
1 : 1 ratio.

(3) In reality, this scheme does not represent the trans-
mission of a single Mendelian gene but of large segments
of chromosomes or even whole chromosomes: the sex
chromosomes. They are designated X and Y in systems
with male heterogamety (Fig. 1b). In systems with female
heterogamety, the sex chromosomes are given a different
genetic notation, W and Z, but otherwise behave similarly
(Fig. 1c). Insects, though monophyletic (Kristensen,

Early in this century, Carl Correns (1907) investigated
sex determination in a dioecious plant, Bryonia dioica.
Using species hybrids, he found that inheritance of the
two sex phenotypes followed the Mendelian backcross
scheme (Fig. 1a). This has since proved to be the correct
formal description of genetic sex determination in many
but not all species. The scheme has several implications:

(1) There is an underlying genetic mechanism of sex
determination. The formula, however, may not correctly
represent either of the two cases in which the molecular
basis of primary sex determination is known. In Droso-
phila, there are a couple of X-linked genes, which when
present in double dose (on two X chromosomes) initiate
female development in diploid embryos, when present in
a single dose (on one X chromosome) male development
(review: Cline & Meyer, 1996). Femaleness and maleness
are not caused by different alleles of the same gene(s). In
mammals, a single dose of SRY (alternatively designated
TDF), is sufficient to initiate development of an embryo
in the male direction. According to a hypothesis of a b c
Graves (1998) SRY was derived from SOX3 and interacts 20 x A0 | XX0 x x¥& | wzo x 22 G
with this X-chromosomal gene in primary sex determina-
tion. SRY and SOX3 are not alleles in the strict sense, but l><l l><l l><l
they may at least share some properties of alleles. aa Q aAd | Xxo xyd | wzo 7272 &

(2) The backcross type of inheritance results ina 1 : 1

sex ratio in the progeny, generation after generation, and, Fig. 1. a — the Mendelian backcross scheme; b — transmission

hence, in the. population, if no oth?r influences pr.evail. A of sex chromosomes in systems with male heterogamety; ¢ — in
1 : 1 sex ratio may have a biological advantage in some  those with female heterogamety.

* Expanded version of a plenary lecture presented at the opening session of the 6th European Congress of Entomology held in Ces-
ké Budgjovice, Czech Republic, August 1998.
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Fig. 2. Male karyotype of Drosophila melanogaster. Black —
heterochromatin; N — nucleolus organizer region; C — promi-
nent secondary constriction (from Heitz, 1934, explanations
added).

1991) have both types of sex chromosome systems: Dip-
tera, e.g., have heterogametic males, Lepidoptera have
heterogametic females.

X and Y chromosomes may be morphologically alike
(“homomorphic™) or they are sufficiently different from
one another (“heteromorphic™) to be distinguished under
a microscope. Drosophila melanogaster, e.g., has hetero-
morphic sex chromosomes: an acrocentric X and a
smaller subacrocentric Y chromosome (Fig. 2). Old X
and Y chromosomes such as those of D. melanogaster,
the house mouse or man, differ not only in size and cen-
tromere position but also in their genetic composition.
This can be seen from crossbreeding of sex chromosome-
linked genes, sequencing of chromosomal DNA or, in a
more general way, by comparative genomic hybridization
(CGH; Kallioniemi et al., 1992), a variant of the fluores-
cence in situ hybridization technique that uses two differ-
ently labeled whole genomic DNAs as probes. For this
specific purpose, labeled total DNA of males competes
with differently labeled total DNA of females for hybridi-
zation to the chromosomes (Fig. 3a, b) (Traut et al.,
1999). Besides showing the degree of sex chromosome
differentiation, CGH can be used as a universal method
for the identification of differentiated sex chromosomes
(Traut et al., 1998).

Even the most distinct sex chromosomes must have,
originally, come from a homologous pair of
chromosomes. If so, what caused the pair of sex chromo-
somes to become different from one another and the sex
chromosomes to differ from the autosomes? (1) Y (or W)
chromosomes form (or part of them forms) a genomic
compartment that does not recombine with the respective
X (or Z) chromosome. The suppression of recombination
is thought to be selectively favoured by the accumulation
of sexually antagonistic genes on the sex chromosomes
(Rice, 1987a). In some species, e.g. D. melanogaster and
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Lepidoptera, meiotic recombination is completely sup-
pressed in the heterogametic sex. New Y (or W) chromo-
somes in such species, therefore, are non-recombining
from the start. (2) Y (or W) chromosomes are constantly
“heterozygous” owing to their role in sex determination
and — consequently — their peculiar mode of transmission,
with the Y in the male line and the W in the female line.

Thus, acquisition of the sex determining function and
suppression of recombination are prerequisites for the
chromosome pair to undergo differentiation. The evolu-
tionary consequences for a non-recombining genomic
compartment are (1) independence of molecular changes
in the compartment from those in its homologue, (2) loss
of its ability to repair by recombination, and (3) selection
and neutral drift acting at the level of the entire compart-
ment. The longterm consequences are molecular and mor-
phological differentiation between X and Y, or W and Z.
A conspicuous and well-studied aspect of Y chromosome
differentiation is the loss of most genetic functions. The
Y chromosome becomes genetically “inert”. Mechanisms
that might promote this loss are “Muller’s ratchet” (Char-
lesworth, 1978; Muller, 1964), “genetic hitchhiking”
(Rice, 1987b) and “background selection™ (Charlesworth,
1994; Charlesworth et al., 1997).

Experimental proof of such changes is difficult to ob-
tain. Circumstantial evidence, however, comes from stud-
ies of autosomes that have become part of the sex chro-
mosome system recently, e.g. in Drosophila miranda by
fusion of an autosome with the Y chromosome and in D.
americana americana by fusion of an autosome with the
X chromosome. In D. miranda, though still recognizable
as homologous, the recently fused part has undergone
molecular changes such as insertions of transposons and
inactivation of larval cuticle protein genes (Steinemann &
Steinemann, 1992; Steinemann et al., 1993) while in D. a.
americana, gene inactivation has not taken place; i.e. the
recent fusion has not so far had evolutionary conse-
quences (Charlesworth et al., 1997). In the following, I
present two cases in which the univalent sex chromo-
somes, Y or W, differ in age and, consequently, have
reached different stages of differentiation. In the fly,
Megaselia scalaris, new Y chromosomes arise in labora-
tory populations and thus the differentiation of new and
moderately old XY pairs can be studied. In Lepidoptera,
the W chromosome arose in the Ditrysia, a clade that
comprises more than 98% of the extant species, and all
observed differences in the WZ pair must have evolved
since then.

Y CHROMOSOMES IN MEGASELIA SCALARIS

The phorid fly M. scalaris has only three pairs of chro-
mosomes. There is little or no meiotic recombination in
the male, depending on the strain and the chromosome.
Sex is determined by the absence or presence of a single
Maleness factor. In the early sixties, C. Tokunaga in Ja-
pan and a group lead by F. Mainx in Vienna detected the
Maleness factor in different linkage groups and its change
to other positions by supposed translocation events
(Mainx, 1964; Tokunaga, 1958). In a reinvestigation, we



Fig. 3. Insect chromosomes after CGH (right panels) using FluoroX-labeled whole genomic DNA from females (green fluores-
cence) and Cy3-labeled DNA from males (red fluorescence), counterstaining (left panels) with DAPI (blue fluorescence). a, b — mi-
totic chromosomes of D. melanogaster. The centromeric heterochromatin is preferentially stained by DAPI (blue), the large
autosomes II and 111 are painted equally by the female and male probe (yellow-brown), the Y chromosome only by the male probe
(red), and the X preferentially by the female probe (greenish), due to the double concentration of X-chromosomal DNA in the female
probe. ¢, d — mitotic chromosomes of male Megaselia scalaris. No chromosome is preferentially differentiated by the male or female
probe. e, f — pachytene complement of Ephestia kuehniella. The W is highlighted by the female probe. g, h — pachytene complement
of Galleria mellonella, the W chromosome highlighted by the female probe. Scale bar: 10 pm.
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Fig. 4. A homologous segment of 1843 bp from the X and Y chromosomes of Megaselia scalaris, strain Wien. Black blocks: se-
quence identity between X and Y; shaded blocks: single nucleotide differences and differential segments; lines span missing ho-
mologous segments. The 3” end contains the beginning of the coding sequence for a vespid antigen 5-like protein. Data from Traut

& Wollert (1998).

found transposition-like jumps of the Maleness factor at a
rate of less than 107 (Traut & Willhoeft, 1990). Each
jump creates a new Y chromosome. Exceptional males
that resulted from such jumps, were used to establish new
Y chromosome strains. The chromosomal assignment of
the Maleness factor in these strains and, hence, the iden-
tity of the Y chromosome was determined with the aid of
phenotypic and molecular markers (Traut, 1994).

Thus, a collection of strains with Y chromosomes of
different origin is available: One derived from chromo-
some #1, two from chromosome #3 and five from chro-
mosome #2, among them three strains, “Florida”,
“Tennessee” and “Wien”, with Y chromosomes from
natural populations (Table 1). Two new Y chromosomes
were derived from previous X chromosomes. The Y chro-
mosomes in these strains were not only derived from dif-
ferent chromosomes, they are also of different age. Some
are quite young, as they arose during the experiments.
Those isolated from natural populations are obviously
older. There is additional circumstantial evidence that the
Wien and Tennessee Y chromosomes are older. Molecu-
lar markers prove that the Tennessee and Wien Y chro-
mosomes — but not the Florida Y chromosome — stem
from the same transposition event. This must have oc-
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Fig. 5. An idiogram of a male Megaselia scalaris.
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curred sufficiently long ago for them to spread to differ-
ent localities (Willhoeft & Traut, 1990).

New and moderately old XY pairs of M. scalaris show
different levels of molecular differentiation, as expected.
There was only one molecular marker that distinguished
X and Y in any of the new strains (Traut, 1994). It was a
marker that detected a polymorphism before and a fixed
difference after establishment of that particular Y chro-
mosome strain. By contrast, in the Wien strain, more than
20 such markers are known (Willhoeft & Traut, 1995;
Traut, unpubl.).

The X and Y chromosomal sequences from one of the
markers were cloned and sequenced to disclose the differ-
ences between the two (Traut & Wollert, 1998). Both, the
X and Y segment, contain the start of the coding sequence
for a vespid Antigen5-like protein at one end. Not only in
this region but also in the intergenic region, the sequences
are sufficiently conserved for a reliable alignment (Fig.
4). This allows a clear definition of the differences. There
are numerous single basepair substitutions and a few
larger mutations. The larger mutations are sequence inser-
tions and/or deletions. In this early stage of sex chromo-
some evolution, when sequences are still mostly identical,
these larger mutations contribute more to the X/Y differ-
entiation than the numerous single basepair exchanges.
They disrupt homology in a rather coarse manner.

TabLE 1. Origin of the Y chromosome in laboratory strains of
Megaselia scalaris. Each of the three chromosome pairs in M.
scalaris can be the XY pair, depending on the location of the
Maleness factor in the respective strain. Florida, Tennessee and
Wien are wild-type strains from different geographical locali-
ties. The Except strains were derived from the Wien strain by
breeding from exceptional males with deviant sex determina-
tion. The origin of the Y chromosome was determined by cross-
breeding using phenotypic and molecular markers (Traut, 1994,
Traut & Willhoeft, 1990).

Strain Y from chromosome
Except45 #1

Florida #2

Tennessee #2

Wien #2

Exceptl 1 #2 (former X)
Except46 #2 (former X)
Exceptl #3

Except10 #3




An inspection of the chromosomes does not detect mor-
phological differences between X and Y, neither in the
new nor in the moderately old Y chromosome strains.
The sex chromosomes are homomorphic (Fig. 5). We did
not expect to detect molecular differences by CGH be-
tween X and Y chromosomes in the new Y chromosome
strains. But even in the moderately old Y chromosome
strain, Wien, the molecular differences that were revealed
by sequencing were not detectable by CGH (Fig. 3¢, d)
(Traut et al., 1999). The sex chromosomes have not ac-
quired sufficient X- or Y-specificity in the period of time
spent since their establishment. So, the stage of X/Y dif-
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ferentiation in the Wien strain is appropriately termed
“early”. '

THE W CHROMOSOME IN LEPIDOPTERA

Butterflies and moths, in contrast to flies, have hetero-
gametic females: WZ/ZZ sex chromosome systems pre-
dominate (Traut & Marec, 1997). Mitotic chromosomes
in Lepidoptera are usually small and numerous, with
chromosome numbers around 2n = 60 (Robinson, 1971).
Meiotic chromosomes, especially at the pachytene stage
when homologues are long and fully synapsed, are best
suited to study morphological details, e.g. with respect to
W/Z differentiation.
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Fig. 6. Ephestia kuehniella, pachytene complement of a female (from Traut et al., 1986). a — light microsopic preparation; b — syn-
aptonemal complexes with associated chromatin, EM. Scale bar: 10 pm.
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Fig. 7. Sex chromatin (arrowheads) in female somatic cells of an Ephestia kuehniella larva. a — diploid cells from a wing imaginal
disc; b — polyploid nucleus from the neck of a Malpighian tubule; ¢ — highly polyploid nucleus from a Malpighian tubule. Scale bar:

10 pm.

In meiosis in female flour moths, Ephestia kuehniella,
the WZ bivalent can be distinguished from autosomal bi-
valents (Fig. 6). The paired autosomes display a fairly ho-
mologous chromomere pattern. W and Z chromosomes,
in contrast, have completely different patterns. The Z
chromosome shows chromomeres alternating with inter-
chromomeres while the W chromosome is a conspicuous
intensively staining heterochromatic thread (Traut &
Rathjens, 1973). In spite of these differences, W and Z
synapse throughout their length. Synapsis does not result
in recombination though; there is no meiotic recombina-
tion in female Lepidoptera (Traut, 1977).

Sex chromosome morphology at the pachytene stage
has been investigated in several moth and butterfly spe-
cies (Traut & Marec, 1997). In the majority, differences
in chromomere pattern mark the WZ bivalent; in others,
no such difference is visible. Thus, many lepidopteran
WZ pairs are morphologically differentiated at this level
of resolution. In some species, size differences are appar-
ent in electron microscopy studies of the pachytene
(Wang et al., 1993; Weith & Traut, 1980) and occasion-
ally also in conventional mitotic spreads when the chro-
mosomes of a species are exceptionally small or large
(Traut & Mosbacher, 1968). Morphological differentia-
tion of sex chromosomes is most obvious in some species
with multiple sex chromosome systems like W \W,Z/ZZ
or WZ,Z/2,2,Z,Z>, which result from sex chromosome
fission and/or fusion events with autosomes (Nilsson et
al., 1988; Suomalainen, 1969). In other species, the W
chromosome is missing, the sex chromosome system is
Z/ZZ (Ennis, 1976; Traut & Mosbacher, 1968). In the
context of sex chromosome differentiation, these are ex-
treme cases.

Molecular differentiation of the WZ pair of chromo-
somes in E. kuehniella is apparent when the pachytene
chromosomes are submitted to CGH with the DNA from
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females and males differently labeled (Traut et al., 1999).
The female DNA probe highlights the W chromosome
(Fig. 3e, ). In the wax moth, Galleria mellonella, where
the WZ bivalent can be identified using electron micros-
copy (Wang et al., 1993) but not light microscopy (Traut,
unpubl.), CGH reveals molecular differentiation between
W and Z over most of their length (Fig. 3g, h). These
lepidopteran W chromosomes are obviously in an ad-
vanced stage of molecular differentiation.

Partial or total heterochromatinization is another feature
of lepidopteran W chromosomes (Traut & Marec, 1997),
and sex chromosomes generally (White, 1973). In the so-
matic cells of Lepidoptera, W chromosomes form con-
spicuous heterochromatic masses. Due to its derivation
from W and its female-specific presence the heterochro-
matin is designated “W chromatin™ or “sex chromatin”.
Size and/or number of sex chromatin bodies increase with
increasing levels of polyploidy (Fig. 7). Thus, when pres-
ence or absence of W chromosomes is to be looked for in
a larger number of species, it is best done by studying sex
chromatin in polyploid somatic nuclei.

In a compilation of data from 238 species, more than
80% of all species contained sex chromatin (Traut &
Marec, 1996). Possession of sex chromatin, therefore, is a
characteristic trait of Lepidoptera. Arranged in a clado-
gram, the data reveal a difference between families of the
basal lepidopteran clades (non-ditrysian families) and
those belonging to the Ditrysia (Fig. 8). All ditrysian
families include species with sex chromatin and sporadi-
cally species without sex chromatin. In contrast, none of
the species investigated from three non-ditrysian families
had sex chromatin. They share this character with the
closest related group, the Trichoptera (Marec & Novik,
1998). The inference is that the W chromosome had not
evolved when those non-ditrysian lineages diverged from
the common lepidopteran stem. In one of the non-



Hydropsychidae 10

—
Trichoptera L———— Polycentropidae 10
Rhyacophilidae 10
Limnephilidae 20
Micropterigidae 3o
Lepidoptera Hepialidae 10
Incurvariidae 10
Gracillariidae im
Plutellidae 1=

Yponomeutidae 7m /10

Argyresthiidae 1m /20D

Oecophoridae 2w /20O

Gelechiidae 7m /20
Ditrysia Coleophoridae 1w

Cosmopterigidae 1m

i

Tortricidae 34m /20
Zygaenidae 2m /10
Limacodidae 1=
Pyralidae 13m
Geometridae 15m /70O
Thyatiridae 1m
Drepanidae 1m
Epicopeidae 1=
Hesperiidae 1=
Papilionidae 6m /10
Pieridae 5m /20O
Lycaenidae 2=
Nymphalidae 8m
Satyridae 10m
—  Danaidae im
———— Lasiocampidae 1m /30
Bombycidae im
e Saturniidae 11m /40
Sphingidae cm
———— Notodontidae @ 9m /20
—————— Lymantriidae 4m
Arctiidae 9m /1D
Noctuidae 35m /60

Fig. 8. Cladogram of trichopteran and lepidopteran families. Numbers of studied species with (W) and without (O) sex chromatin.
The phylogenetic tree was adapted from Nielsen & Common (1991) and Morse (1997), and the data from Marec & Novék (1998)

and Traut & Marec (1996).

ditrysian lepidopteran species, Micropterix calthella, ab-
sence of the W chromosome has been confirmed: the Z
chromosome is a univalent in female meiosis (Traut &
Marec, 1997).

In conclusion, Lepidoptera acquired their W chromo-
some after at least those three non-ditrysian lineages had
separated. A possible scenario for the acquisition of the
W is the fusion of an autosome with the Z chromosome.
The free homologue of the fused autosome is then trans-
mitted as a W chromosome in the female lineage. What-
ever the source of the W chromosome, it forms a
non-recombining genetic compartment in the genome

since lepidopteran females lack meiotic recombination.
All molecular and morphological differentiation of the
WZ pair must have taken place since then, including the
loss of the W chromosome in some ditrysian species.
Thus, the lepidopteran W chromosome can be traced from
its origin, through molecular and morphological differen-
tiation, to its disappearance.

SEX CHROMOSOME SYSTEMS IN INSECTS

Chromosomal sex determination allows only for a lim-
ited amount of variation in the sex chromosome system,
in insects as well as in other organisms: XY/XX, XX/X,
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TaBLE 2. Sex chromosome systems in insects. Largely based
on Blackman (1995) and White (1973).

?Q 33
Collembola XX X

XX XY
Ephemeroptera XX XY

XX X
Odonata XX X

XX XY
Plecoptera XX X

X]X]XQXZ X]X;_

XX XXX X5 XXX
Blattodea XX X
Isoptera XX XY

XX X

multiple sex chromosomes
Mantodea XX X

X XiXaXa XiX2Y
Dermaptera XX XY

XX X

multiple sex chromosomes
Grylloblattodea XX XY
Orthoptera XX X

XX XY

X XiXaXs XiXaY
Phasmatodea XX X

XX XY
Embioptera XX X
Psocoptera XX X
Hemiptera XX XY

XX X

multiple sex chromosomes
Coleoptera XX XY

XX X

multiple sex chromosomes
Megaloptera XX XY
Raphidioptera XX XY
Neuroptera XX XY
Trichoptera z 7
Lepidoptera WZ 77

Z zZ

W, W.Z zZ

WZ,Z, YAVAVSYS
Mecoptera XX X

X XiXaXs XiX2Y
Siphonaptera XX XY

multiple sex chromosomes
Diptera XX XY

XX X

X XiX2Xs XXz

WZ/27,7/Z7 and multiple sex chromosome systems (Ta-
ble 2). Only Lepidoptera and Trichoptera have female
heterogamety, in all others the male is heterogametic
(with some exceptions). Multiple sex chromosomes have
evolved independently in several insect orders, by fusion
or reciprocal translocation between autosomes and sex
chromosomes (White, 1973). The most complex case is
that of a race of the termite, Kalotermes approximatus,
where ten different X chromosomes and nine different Y
chromosomes are present in the male genome (Syren &
Luykx, 1981). Loss of the constantly univalent sex chro-
mosome, Y or W, has occurred in both systems. In fact,
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most insects are in this stage of sex chromosome evolu-
tion. This throws some light on the predominant sex de-
termining mechanism among insects: as in Drosophila,
double vs. single doses of the X (or Z) determine sex in
these species. XX/X or Z/ZZ systems are ultimate stages
of sex chromosome differentiation but are not dead ends
of sex chromosome evolution. Fusion or translocation of
an autosome creates a new Y or W as in Lepidoptera.
This has happened frequently in diverse insect groups and
was studied extensively in Orthoptera (review: White,
1973). It starts another cycle of differentiation and degen-
eration of a univalent sex chromosome.

ACKNOWLEDGEMENTS. The technical assistance of Ulrike
Eickhoff (Liibeck, Germany) is gratefully acknowledged. 1
thank Frantiek Marec (Ceské Budgjovice, Czech Republic),
Ken Sahara (Sapporo, Japan), and the anonymous referees for
critical reading of the manuscript and helpful suggestions.

REFERENCES

BrackmaN R.L. 1995: Sex determination in insects. In Leather
S.R. & Hardie J. (eds): Insect Reproduction. CRC Press, Boca
Raton, Florida, pp. 57-94.

CuaRLESWORTH B. 1978: Model for evolution of Y chromosomes
and dosage compensation. Proc. Natn. Acad. Sci. USA 75:
5618-5622.

CuarLESWORTH B. 1994 The effect of background selection
against deleterious alleles on weakly selected, linked variants.
Genet. Res. 63: 213-228.

CHARLESWORTIT B., CuarcesworTi D., HniLicka )., Yu A. &
GurrmaN D.S. 1997: Lack of degeneration of loci on the
neo-Y chromosome of Drosophila americana americana. Ge-
netics 145: 989-1002.

CuNE T. & Mever B. 1996: Vive la différence: males vs females
in flies vs worms. Annu. Rev. Genet. 30: 637-702.

Correns C. 1907: Die Bestimmung und Vererbung des Gesch-
lechts, nach neuen Versuchen mit héheren Pflanzen. Gebrlider
Borntrager, Berlin, 81 pp.

Ennis T.J. 1976: Sex chromatin and chromosome numbers in
Lepidoptera. Can. J. Genet. Cytol. 18: 119-130.

Gravis J.AM. 1998: Evolution of the mammalian Y chromo-
some and sex-determining genes. J. Exp. Zool. 281: 472-481.

Herrz E. 1934: Die somatische Heteropyknose bei Drosophila
melanogaster und ihre genetische Bedeutung (Cytologische
Untersuchungen an Dipteren, 1I). Z. Zellforsch. Mikrosk.
Anat. 20: 237-287.

KaLLioniemr A., KacLioniemn O.P., Subar D., Rutovitz D., Gray
J.W., WaLpMaN F. & PinkeL D. 1992: Comparative genomic
hybridization for molecular cytogenetic analysis of solid tu-
mors. Science 258: 818-821.

KrisTensiN NP, 1991: Phylogeny of extant hexapods. In Nau-
mann J., Carne P., Lawrence J., Taylor R., Whitten M. & Lit-
tlejohn M. (eds): The Insects of Australia. Vol. 1. 2nd ed.
Melbourne University Press, Carlton, pp. 125-140.

Mainx F. 1964: The genetics of Megaselia scalaris Loew (Phori-
dae): A new type of sex determination in Diptera. Am. Nat.
98: 415-430.

Marec F. & Novak K. 1998: Absence of sex chromatin corre-
sponds with a sex-chromosome univalent in females of Tri-
choptera. Eur. J. Entomol. 95: 197-209.

Morse J.C. 1997: Phylogeny of Trichoptera. Annu. Rev. Ento-
mol. 42: 427-450.

MuLLer H.J. 1964: The relation of recombination to mutational
advance. Mutation Res. 1: 2-9.



NieLsen E.S. & Common LF.B. 1991: Lepidoptera (moths and
butterflies). In Naumann J., Carne P., Lawrence J., Taylor R.,
Whitten M. & Littlejohn M. (eds): The Insects of Australia.
Vol. 1. 2nd ed. Melbourne University Press, Carlton, pp.
817-915.

NiLssoN N.-O., Lorstept C. & DAvring L. 1988: Unusual sex
chromosome inheritance in six species of small hermine
moths (Yponomeuta, Yponomeutidae, Lepidoptera). Heredi-
tas 108: 259-265.

Rice W. 1987a: The accumulation of sexually antagonistic
genes as a selective agent promoting the evolution of reduced
recombination between primitive sex chromosomes. Evolu-
tion 4: 911-914.

Rice W.R. 1987b: Genetic hitchhiking and the evolution of re-
duced genetic activity of the Y sex chromosome. Genetics
116: 161-167.

RosmnsoN R. 1971: Lepidoptera Genetics. Pergamon Press, Ox-
ford, 687 pp.

Suaw R.F. & MonLER J.D. 1953: The selective significance of
sex ratio. Am. Nat. 87: 338-342.

STEINEMANN M. & STEINEMANN S. 1992: Degenerating Y chromo-
some of Drosophila miranda: a trap for retrotransposons.
Proc. Nat. Acad. Sci. USA 89: 7591-7595.

STEINEMANN M., STEINEMANN S. & Lotrspeici F. 1993: How Y
chromosomes become genetically inert. Proc. Natn. Acad.
Sci. USA 90: 5737-5741.

SuoMALAINEN E. 1969: On the sex chromosome trivalent in some
Lepidoptera females. Chromosoma 28: 298-308.

SYREN R.M. & Luvkx P. 1981: Geographic variation of sex-
linked translocation heterozygosity in the termite Kalotermes
approximatus Snyder (Insecta: Isoptera). Chromosoma 82:
62-88.

TokuNaGa C. 1958: The Y chromosome in sex determination of
Aphiochaeta xanthina Speiser. In: Proc. X Int. Congr. Genet.
University of Toronto Press, Toronto, pp. 295-296.

Traut W. 1977: A study of recombination, formation of chias-
mata and synaptonemal complexes in female and male meio-
sis of Ephestia kuehniella (Lepidoptera). Genetica 47:
135-142.

TrauT W. 1994: Sex determination in the fly Megaselia scalaris,
a model system for primary steps of sex chromosome evolu-
tion. Genetics 136: 1097-1104.

TraUuT W. & MAREC F. 1996: Sex chromatin in Lepidoptera. Q.
Rev. Biol. 71: 239-256.

Traut W. & Marec F. 1997: Sex chromosome differentiation in
some species of Lepidoptera (Insecta). Chromosome Res. 5:
283-291.

Trautr W. & MossaciiEr C. 1968: Geschlechtschromatin bei
Lepidopteren. Chromosoma 25: 343-356.

Traut W. & RaTiuens B, 1973: Das W-Chromosom von Ephes-
tia kuehniella (Lepidoptera) und die Ableitung des Gesch-
lechtschromatins. Chromosoma 41: 437-446.

Traut W. & WiLLnoert U. 1990: A jumping sex determining
factor in the fly Megaselia scalaris. Chromosoma 99:
407-412.

TrauT W. & WoLLERT B. 1998: An X/Y DNA segment from an
early stage of sex chromosome differentiation in the fly
Megaselia scalaris. Genome 41: 289-294.

Traut W., Wit A, & Traut G. 1986: Structural mutants of
the W chromosome in Ephestia (Insecta, Lepidoptera). Ge-
netica 70: 69-79.

Traut W., SanArA K. & Marec F. 1998: Sex chromosome uni-
valents identified by comparative genome hybridization. Cy-
togenet. Cell Genet. 81: 115.

TrAUT W., SatArRA K., OtT0 T.D. & MAREC F. 1999: Molecular
differentiation of sex chromosomes probed by comparative
genomic hybridization. Chromosoma 108: 173—180.

WaNG Y.X., Marec F. & Traut W. 1993: The synaptonemal
complex complement of the wax moth, Galleria mellonella.
Hereditas 118: 113-119.

WEITH A. & Traut W. 1980: Synaptonemal complexes with as-
sociated chromatin in a moth, Ephestia kuehniella Z. The fine
structure of the W chromosomal heterochromatin. Chromo-
soma 78: 275-291.

Wuite M.J.D. 1973: Animal Cytology and Evolution. 3rd ed.
Cambridge University Press, Cambridge, 961 pp.

WiLLHOEFT U. & Traur W. 1990: Molecular differentiation of
the homomorphic sex chromosomes in Megaselia scalaris
(Diptera) detected by random DNA probes. Chromosoma 99:
237-242.

WILLHOEFT U. & TrAUT W. 1995: The sex-determining region of
the Megaselia scalaris (Diptera) Y chromosome. Chromosome
Res. 3: 59-65.

Received November 2, 1998; accepted June 8, 1999

235



