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Chapter 3
SEX DETERMINATION IN INSECTS

Roger L. Blackman
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I. INTRODUCTION

Sex determination is the process by which the gender of a bisexual organism becomes
fixed, so that the individual progeny develops either as a son or a daughter. As is the case with
other fundamental biological processes, evolution has in the course of time produced a
seemingly ‘infinite variety of ways of achieving this one essentially simple objective, and
classical genetic and cytogenetic observations have, over the years, combined to display a
bewildering diversity of sex-determining mechanisms. Much of this work has been on insects,
from the first recognition of sex chromosomes in the heteropteran Pyrrhocoris apterus,'
through the classic experiments of Bridges?4 on Drosophila and Goldschmidt’S on Porthetria
dispar, to the recent molecular work elucidating the hierarchy of regulatory genes responsible
for the sex of fruit flies.”®

In the general literature on sex determination, two works stand out,>!® each with a radically -
different approach to the subject. Both cover the full range of sex-determining systems, but
the cytogeneticist White® gives pride of place to evolutionary changes in the sex chromo-
somes, whereas the evolutionary geneticist Bull'® pays more attention to the underlying
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mechanisms. The problem with reviewing sex determination in insects at the present point in
time is that, for all orders except Diptera, the greater part of the evidence is cytological, and
even the most basic information about the genetic systems involved is not usually available.
It is nevertheless worthwhile to follow the lead of Nothiger and Steinmann-Zwicky,'! and look
for general principles of sex determination that could be applicable to all insects, and possibly
to all biparental organisms.

In this chapter I shall start by reviewing the main types of sex determination found in
insects, then outline what is known about sex chromosome systems in each insect order, and
end with some discussion of the evolutionary implications of what we now know about sex
determination.

II. GENERAL ASPECTS OF SEX DETERMINATION IN INSECTS

The sex of an insect is almost always determined genetically. Hermaphroditism, in the
sense of the same genotype producing functional male and female organs in the same
individual, seldom occurs in insects; it seems to have evolved only once, in one genus of scale
insects (Icerya). An oft-quoted second example of insect hermaphroditism, in the termiticolous
phorid group Termitoxeriinae, has now been refuted.'? (True hermaphrodites should not be
confused with gynandromorphs and intersexes — genetically abnormal individuals — which
are of common occurrence in insects.) Environmental factors may sometimes influence the
genetic determination of sex (see Bergerard!® for review), but the type of environmental sex
determination that occurs widely in reptiles, for example, where the sex of an individual is
decided by the environment of the egg after it has been fertilized, seems to be rare in insects.

A. XX/XY SYSTEMS

Most bisexual organisms produce a 1:1 sex ratio, and this can be achieved simply by having
one sex (the heterogametic sex) produce two genetically different types of gamete, and the
other sex (the homogametic sex) produce gametes of only one of these types. The two types
of gamete carry different sex factors (here given the notation s, and s,), which segregate from
one another in Mendelian fashion in the meiosis of the heterogametic sex:

$;8, X s;5, (parents) — 1:1 s;s, and s;s, (progeny)

The heterogametic sex is the male in most insects, but female in Lepidoptera, Trichoptera, and
some Diptera.

Although these sex factors are conventionally regarded as alternative alleles at the same
locus, it is usually the case that only one sex factor plays an active part in the determination
of sex. The other “sex factor” may merely be the corresponding site on a homologous
chromosome: e.g., a nonfunctioning (null) allele, or the location at which the sex factor is
inserted, in the case of a transposable element.

In some cases, sex factors may be inherited as single genes, recombining freely with other
genes on the same chromosome pair, although they are more often than not tightly linked to
other genes involved in sex differentiation. Very often, however, chromosomes carrying sex
factors are cytologically distinct (heteromorphic), so that the inheritance of sex can be
observed cytologically:

XX x XY (parents) — 1:1 XX and XY (progeny)

X and Y chromosomes usually pair at meiosis before segregating to opposite poles, but there
is normally little or no recombinational exchange between them. This is called an XX/XY, or
XY (male) sex determination system. When the female is the heterogametic sex, the sex
chromosomes are sometimes termed Z and W, and the system called ZW/ZZ:
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ZW (female parent) X ZZ (male parent) — 1:1 ZZ and ZW (progeny)

but this terminology has now been largely abandoned in the literature on insect cytogenetics
as an unnecessary complication. The fact that the female is the heterogametic sex can be
indicated by putting the heterozygous genotype first; i.e., XY/XX or XY (female) sex
determination.

At this stage it is important to address two common misconceptions about sex chromo-
somes, which can easily hinder understanding of sex-determining mechanisms and their
evolution. The first point concerns the common notation of heteromorphic sex chromosomes
throughout both plant and animal kingdoms as X and Y, which might be thought to imply
some degree of homology, not just at the sex-determining loci but of the chromosome as a
whole, across major groups of organisms. On the contrary, there is no doubt that heteromor-
phic sex chromosomes have evolved many times independently in different taxa.'* The Y
chromosome in particular can sometimes be an extremely labile structure, apparently under-
going cycles of degeneration and regeneration within taxa. These will be discussed further
later, and in order to emphasize this lability it is sufficient here to note that what seem to be
major changes in sex chromosome constitution, such as the formation of a Y chromosome de
novo (a “neo-Y"), can be found even within a single species.

The second common misconception is that the Y chromosome always has a dominant,
male-determining function. This is certainly the case in mammals and in some insects, but the
more general condition in insects with XX/XY systems is for the Y chromosome to have an
essentially passive role, influencing sex merely by segregating opposite the X at meiosis. The
sex of the zygote is then determined by the balance between the actions of regulatory genes
on the X chromosome and on the autosomes. This is roughly equivalent to the “genic balance”
model developed by Bridges? from his work on Drosophila. The zygote must be homozygous
for a sex factor in order to be female (XX), so this has also been termed a “recessive-X
system”,10

Genetic studies are obviously needed to establish for certain whether the system operating
in any one species is based on a dominant Y or genic balance. For species with heteromorphic
sex chromosomes, deductions are possible by observing the sex of individuals with abnormal
sex chromosome constitutions. The two most informative abnormalities are XXY and XO. If
XXY individuals of a species which normally has an XX/XY system are male, then there is
obviously a dominant Y factor operating, but if XXY is female, then the Y chromosome is
likely to be sexually inert, and the X has an active, although recessive, role. Frequently,
aberrant individuals completely lacking a Y chromosome (i.e., with XO constitution) are at
least viable enough to observe their sex; such individuals will be female in dominant-Y
systems, but male in genic balance systems, as the latter require XX for female determination.
Evidence like this is available for only relatively few insects, mostly Diptera, in which occur
both dominant-Y (e.g., Phormia regina, Lucilia cuprina'®) and recessive-X systems (e.g.,
Drosophila melanogaster,® Glossina palpalis'®). However, there are good reasons for believ-
ing that genic balance is the most general condition in insects, stemming from the widespread
occurrence of XX/XO sex determination in many insect orders.’

B. XX/XO SYSTEMS

In organisms with heteromorphic sex chromosomes, X-Y recombination is usually sup-
pressed, and the Y chromosome tends to be more degenerate than the X, often having few or
no functional alleles. This degeneration of the Y is generally perceived as a progressive
evolutionary phenomenon.!® Various explanations for this have been offered.!*!” For example,
because the Y is permanently heterozygous and nonrecombinant, selection must act at the
level of the entire chromosome, so it evolves as “an asexual component of an otherwise sexual
genome”.!# Deleterious mutations (often nonfunctional alleles) will tend to accumulate in the
absence of recombination by the process known as “Muller’s ratchet,”'® which may be



60 Insect Reproduction

(a) “Muller’s ratchet” (b) “Hitchhiking”
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FIGURE 1. Degeneration of a Y chromosome by operation of (a) Muller’s “ratchet,” and (b) “hitchhiking.” In a
population of Y chromosomes free from recombination (left), some Ys will have one or more mutations.to
nonfunctional alleles (black segments), with different Ys mutated at different loci. If the selective disadvantage per
locus is small and population size is small enough relative to the mutation rate, the class of Y chromosomes with no
mutations may be lost by chance and, because there is no recombination, it cannot be restored. Next the class carrying
just one mutation becomes vulnerable to chance loss, and so on, so that as time goes on the mean numbers of mutations
per Y chromosome gradually increases. If a favorable Y-linked mutation should occur, however (%), it could spread
rapidly through the population by selection, carrying with it any nonfunctional alleles that happen to be present on
the Y chromosome in which it originated (“hitchhiking”), leading to fixation of nonfunctional alleles and accelerating
the degenerative process.

accelerated by a “genetic hitchhiking” effect'8 (Figure 1). However, there is still no entirely
satisfactory explanation.

The end point of such an evolutionary process may be the complete loss of the Y
chromosome, so that males are XO. An XX/XO sex determination system works in exactly
the same way as an XX/XY system, with the X moving to one pole in male meiosis, so that
sperm are either with or without an X:

XX (female parent) X XO (male parent) = 1:1 XX and XO progeny

Obviously, since there is no Y, such a system must be based on genic balance. XX/XO sex
determination occurs in almost all orders of insects, both primitive and advanced. It is almost
certainly the ancestral form of sex determination of orthopteroid insects and probably of other
major orders such as Hemiptera and Coleoptera. It is even possible that the ancestors of all
insects had XO males, and that all insect Y chromosomes have arisen de novo.

Y chromosomes in insects often seem to arise as a result of centric fusion between an X
chromosome and an autosome (e.g., Figure 2). A recently formed, autosomally derived Y
chromosome (a neo-Y) is often easily recognized because it is likely to be still homologous
with the autosomal part of the neo-X, and therefore synapses with it at meiosis. This homology
may be gradually lost in the course of evolution as X-Y recombination becomes suppressed,
and secondary structural and genetic changes occur independently on both the neo-X and the
neo-Y.

Clearly, a neo-Y chromosome cannot carry a dominant factor for male determination, and
sex determination in such cases must be based on genic balance, as in the ancestral XX/XO
system. Neo-XY systems occur most frequently in groups in which XX/XO systems are
common; these include the orthopteroid orders, Odonata, the hemipteroid orders, and Co-
leoptera. Each of these groups will be discussed later. In all of them, there are also species with
multiple sex chromosomes.



Sex Determination in Insects 61

neo-X

-/ ey F{ plus

p (lost)

g é neo-y

Autosome

FIGURE 2. White’s® model of the origin of neo-XY sex determination from an XO condition in the heterogametic
sex. After breakage near the centromeres of an X and an autosome, centric fusion occurs, creating a neo-X
chromosome. When this fusion has reached fixation in the population (i.e., when the original unfused Xs no longer
occur), the original homologue of the autosome involved in the fusion will be confined to the male line and will act
as a “neo-Y”, segregating opposite the neo-X at meiosis. (White® believed that centromeres were never situated at
the extreme ends (telomeres) of chromosomes, and therefore his models assume arm breaks and exchanges, followed
by loss of a minute chromosome. Alternative models of centric fusion involving breakage within centromeres are
discussed by John and Hewitt.'%)

C. MULTIPLE SEX CHROMOSOME SYSTEMS

Chromosomal differences between male and female insects normally involve only one
chromosome pair (X and Y, or just the X in XX/XO systems), but there are numerous cases
in most insect orders where the difference between the sexes involves a larger number of
chromosomes. The most common “multiple” sex chromosome systems have just two Xs (the
notation used for the male condition X,X,Y, or X,X,0, and the notation for the sex determi-
nation system is X, X, X,X,/X,X,Y, or X,X,X,X,/X,X,0), although species are known with
almost any number of Xs from 1 to 6 (and in one extreme case, 12), and any number of Ys
from 1 to 6.

The origins of X,X,X,X,/X,X,Y sex determination are usually fairly simply explained,
with good evidence provided by the way in which the X, X,, and Y associate at metaphase
I of spermatogenesis. Figure 2 showed the origin of a neo-XY condition by centric fusion,
resulting in a metacentric X (i.e., with the centromere near the center of the chromosome) and
an acrocentric Y (with the centromere at one end). If a further centric fusion should occur, this
time between the Y chromosome and another acrocentric autosome, then an X, X,Y condition
will arise, with a metacentric Y (Figure 3).

Alternatively, an X,X,Y condition may be derived directly from an XO, by a reciprocal
translocation between the X and one member of an autosome pair, the other member of the
autosome pair becoming a neo-Y (Figure 4).

The other common derivation of a multiple sex chromosome system is that found in
organisms with holocentric chromosomes (i.e., chromosomes with diffuse centromeric activ-
ity), such as the Hemiptera and Dermaptera, where X, X,, etc., have almost certainly arisen
simply by dissociation (fission) of the single original X chromosome into two or more parts,
which still segregate to the same pole at meiosis (Figure 5). Such X dissociations have
occurred in both XX/XY and XX/XO systems, a single X dissociation giving X, X, X,X,/X,X,Y
and X, X, X,X/X,X,0, respectively. Multiple Ys have also arisen by dissociation in some
species. It is characteristic of multiple sex chromosome systems formed by dissociation that the
X,, X,, etc. are much smaller than the original X, and that there is no accompanying change in
the number of autosomes.

Multiple sex chromosomes are cytogenetically interesting, because they show very clearly
the fixation of different types of chromosomal rearrangement, but they have little or no
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FIGURE 3. Origin of an X,X,Y condition in the heterogametic sex (leading at fixation to an X, X, X,X/X,X,Y sex
determination mechanism), by centric fusion between an acrocentric Y and an acrocentric autosome, to give-a
metacentric “neo-Y” (“neo” because part of it is recently derived from an autosome), and a neo-X,. The arrangement
of sex chromosomes on the spindle of the first meiotic division, with homologous sections associated, is shown
diagrammatically. (Adapted from White, M. Animal Cytology and Evolution, 3rd ed., Cambridge University Press,
Cambndge, UK., 1973.)
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FIGURE 4. Origin of an X,X,Y condition in the male (leading at fixation to X, X 1X5Xo/X, X, Y sex determination)
from an XX/XO system, by reciprocal translocation between a single metacentric X in the male and a metacentric
autosome. The arrangement on the spindle of the first meiotic division, with homologous sections associated
terminally, and X, and X, moving to the opposite pole from the Y chromosome, is shown diagrammatically. (Adapted
from White, M. Animal Cytology and Evolution, 3rd ed., Cambridge University Press, Cambridge, U.K., 1973.)
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FIGURE 5. Multiple X chromosomes (in [b] and [c]) are derived from an XY system (a) by simple dissociation.
Segregation of Xs and Y at spermatogenesis is represented diagrammatically, with autosomes not shown. Usually in
such systems the Xs and Y do not associate, but show “distance” (or “touch-and-go”) pairing.
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significance in relation to the molecular genetic basis of sex determination. Of more interest
in this respect are the so-called “multiple factor” systems of certain Diptera.

D. “MULTIPLE FACTOR” SYSTEMS

Species with multiple sex chromosomes are nevertheless still likely to have only a single
sex-determining locus — for example, on just one of the Xs in a multiple X system. But more
complex sex-determination systems are known where one species may have sex-determining
factors at several different loci, and sometimes even different individuals within the same
population have their sex factor on different chromosomes. Such complex systems cannot be
detected cytogenetically, and they have only been recognized in genetically well-studied
organisms with an abundance of genetic markers. In insects, this means certain species of
Diptera.

The type of multiple factor system most commonly observed in Diptera and found in
members of both the Nematocera and the Cyclorrhapha, can be symbolized in a general way
as follows

Females Males
$181 8282 S8y 555,
$15) S8

S, and S, behave as dominant male-determining factors, segregating, respectively, at the two
different loci 1 and 2, and always restricted to the male line. This 2-locus system, with S, and
S,, can be generalized to any number of loci:

Females Males
$1S; 537 SaSyee S8y 5253 8383
8151 5282 38300
§,8y $283 53830

So for any species with a multiple factor system, there is always just one female genotype,
homozygous for all sex factor loci, and n distinct male genotypes, each heterozygous at just
one of the n loci. Sometimes a sex factor locus may be on a cytologically distinct sex
chromosome, so that S, for example, is manifestly a Y chromosome; but sex factors may
equally occur on chromosomes that are in all other respects autosomal, in which case there is
no obvious cytological difference between the sexes. Dipteran geneticists have termed the
autosomal male-determining factors “M factors”. Green® suggested that M factors at different
loci in any one species were perhaps all actually the same gene, transposed to several different
sites in the genome. The evidence now strongly favors this interpretation in several cases
(discussed later under Diptera). This explains the exclusive nature of their occurrence in
individual males, but makes the term “multiple sex factors” something of a misnomer.

This kind of sex determination may occur in other insects, especially where heteromorphic
sex chromosomes have not been detected or do not occur regularly, but the necessary genetic
evidence is lacking for other orders apart from Diptera.

E. HAPLODIPLOID SEX DETERMINATION

No general survey of sex determination in insects would be complete without mention of
haplodiploidy, of which Hymenoptera are, of course, the leading exponents. Haplodiploidy
may also be general to Thysanoptera, and is found in some species of Homoptera and
Coleoptera (as well as occurring widely in mites and ticks). The genetic mechanisms involved
have been the subject of much speculation (reviewed by Crozier?!22). Indeed, at first sight, it
is difficult to see how any genetic mechanism at all can be operating, as haploid males simply
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have half the female dose of all genes. However, several hypotheses based on multiple sex
factors have been suggested, and one has some experimental foundation.

It has long been known that, in certain Hymenoptera, inbreeding results in diploid males,
indicating that not only haploids but diploid homozygotes are male. This can be explained if
there are multiple sex factors (S,S,S;...) — possibly alternative alleles at a single locus —
segregating in opposition:

Females Males
$,8, §;S;, S5, .. S1» Sa S, ... (if eggs unfertilized)
or $,8;, S,S,, $,S;, ... (in inbred populations)

The sex factors appear to complement one another, and this has therefore been termed a
complementary sex-determining mechanism.

While this explanation fits members of several groups of Hymenoptera very well (e.g.,
Habrobracon, Apis, Neodiprion, and Solenopsis), it cannot apply generally, because some
other Hymenoptera inbreed considerably, yet fail to produce diploid males. To accommodate
this problem, the hypothesis can be modified to involve multiple loci.?! The theory is that
diploids would then have to be homozygous at all loci in order to be male, and this would only
be likely after long-term intensive inbreeding.

F. THE MOLECULAR BASIS OF SEX DETERMINATION

Thus there is a variety of ways in which sex can be determined in insects. Sex factors can
apparently determine either maleness or femaleness, can be dominant or recessive in their
action, can be single or multiple, and can occur on sex chromosomes or autosomes. How can
all this be explained in molecular terms?

Our knowledge of the molecular biology of sex determination is almost entirely restricted
to D. melanogaster, but at least in this one species some of the details of the mechanism are
now worked out. The key gene is Sexlethal (SxI), which is located on the X chromosome. This
gene is essential for determination of females, but completely functionless in males, so that
it can be eliminated by mutation without affecting the male phenotype. There is a maternal
gene, daughterless (da), that has to be active for Sx! to function, because a mutation at the da
locus causes mothers to produce only sons; however, da is not normally involved in sex
determination. Activation of the female-determining function of Sx/ in Drosophila is in fact
dependent in some way on the ratio between the number of X chromosomes and the number
of sets of autosomes (henceforth X:A). Thus, if X:A is 1.0 (as in diploid eggs with two X
chromosomes), Sx! produces an active product that causes the embryo to develop as female,
but if X:A is 0.5 (e.g., diploid eggs with XY or XO) then Sx/ is silent and the embryo develops
as male.

The genes repressing Sx/ in male eggs have not been identified, but in Drosophila they must
be located on the autosomes, because a genotype with one X chromosome and one set of
autosomes (X + A) is female, whereas the addition of another autosome set (X + AA) results
in a male. The molecular nature of the X:A signal is a source of continuing speculation.?¢
Chandra?’ proposed that the normal, diploid forms of both sexes produce the same limited
number of repressor (R) molecules; two X chromosomes can bind all the R molecules so that
Sxl can be transcribed, but one X chromosome leaves sufficient R molecules to repress Sx/.
One currently favored form of this hypothesis? has the X:A signal produced by two or more
X-linked genes (e.g., sis-a and sis-b in Figure 6) whose products act as “numerator elements,”
and are titrated by certain autosomal products (“denominator elements”), so that a sufficient
concentration of sis products to promote transcription of an active product by Sx/ will only be
achieved in females (Figure 6).2%

Sxl regulates the differentiation of the female tissues, in Drosophila acting entirely through
its control of a locus on chromosome 3, transformer (tra), which is also only functional in
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FIGURE 6. Simplified model of a possible mechanism for genetic control of sex determination in Drosophila
melanogaster. Female determination and differentiation (left) depends on the product of the key gene Sex lethal (SxI).
The product of the matemal gene daughterless (da) needs to be present for Sx/ to be active, but this is normally
supplied to both male and female eggs. It is thought that unidentified autosomal genes produce a similar concentration
of repressor molecules (“denominator elements™: R) in both sexes. Female eggs, with two X chromosomes, produce
twice as many “numerator elements” (i.e., products of X-linked loci such as sis-a and sis-b) as male eggs, so that there
is an excess of unbound molecules to promote the female-determining activity of Sx/. The active product of Sx/
influences the transcription of the product of the autosome 3 gene transformer (tra), which in tumn acts on the
doublesex locus (dsx: see text and Figure 7).

females. The tra product collaborates with the product of another gene (tra-2) to control the
expression of another locus on chromosome 3, doublesex (dsx) (Figure 6). The dsx locus is
active in both sexes and provides the double switch mechanism necessary to ensure that
development proceeds only as either one sex or the other; it consists of two cistrons, dsx™ and
ds¥, only one of which functions in each sex. In female eggs (i.e., when both tra and tra-2
are active), dsx’ is active and its products repress the male sex differentiation genes, whereas
in male eggs the products of dsx™ repress female sex differentiation genes.

It is now known that regulation at all the three main stages occurs at the level of RNA
splicing:? that is to say, the primary gene products are the same in both sexes, but they are
“edited” by the splicing out of different sections (introns) of RNA to produce the male- and
female-specific messenger RNAs (Figure 7). The male-specific messenger RNAs of both Sx/
and rra include a stop codon which truncates the open reading frame so that the transcript is
nonfunctional. This explains why mutational loss of these genes has no effect in males.
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FIGURE 7. Production of sex-specific messenger RNAs (mRNAs) from the primary gene products of the Sexlethal
(Sx1), transformer (tra), and doublesex (dsx) genes of Drosophila melanogaster by differential splicing. Primary
transcripts of these genes are shown in the center; the boxes represent coding regions (exons), the horizontal lines
joining them represent introns (which do not form part of an active product), and the female-specific and male-specific
patterns of splicing are depicted, respectively, above and below the structures of the primary transcripts. The mRNAs
generated by this process are depicted to left (female) and right (male) of the primary transcripts. In males the mRNAs
result from the default pattern of splicing, which in the cases of Sx/ and tra includes a stop codon rendering the mRNA
nonfunctional. The female-specific product of Sx/ regulates its own activity by positive feedback, and regulates rra
activity by promoting the female-specific product of that gene, which in tum plays its part in directing the female-
specific pattern of splicing of the dsx gene. (Adapted from Baker, B. Annu. Rev. Genet., 17, 345, 1983.)

Thus, sex determination in Drosophila depends on a hierarchical system of regulatory
genes. Can such a mechanism be generally applicable, given the apparently diverse systems
of sex determination found in other organisms? Néthiger and Steinmann-Zwicky!! speculated
on various mutations in the regulatory system that could, together with changes in the sex
chromosomes, explain most of the variations observed in insects. They regarded the action of
the double switch gene, dsx, as likely to be basic to the sex determination of all insects, and
therefore not capable of functional mutation. They postulated that the primitive system in
insects was probably represented by species in which the male is heterozygous at a single sex-
determining locus. Using the notation introduced earlier in this chapter, in dominant-Y
systems the sex factor s, acts as the male determiner by repression of the key gene Sx/, whereas
the sex factor s, does not code for functional product, thus allowing Sx/ to be active. If
heteromorphic sex chromosomes are involved, then the male sex factor s, (or strictly S,, since
its effect is dominant) would be located on the Y chromosome, but it could be transposed to
different locations in the genome, or copied to different locations to form a *multiple factor”
(M) system. Recessive-X systems, which occur commonly and widely in insects, are expli-
cable in terms of a genic balance as already discussed for Drosophila; the repressor gene is
on an autosome, and Sx/ is only activated if two X chromosomes are present, i.e., in individuals
homozygous for s,.

It is possible to interpret other, less common, types of sex determination in terms of
mutations of the key gene Sx/, of its repressor, or of the maternal gene da. Some of these
special cases will be referred to later in this chapter.
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G. DOSAGE COMPENSATION ‘

Organisms in which the Y has little or no homology with the X or does not exist at all (XO),
have a gene dosage problem. An XX female has two copies of every X-linked gene, while an
XY or XO male has only one copy. Mammals compensate for this by inactivation of one of
the two X chromosomes in female somatic tissues. However, in Drosophila, where polytene
chromosomes make it easy to study the level of transcriptional activity, dosage compensation
is achieved in a different way. Both X chromosomes are active in female tissues, but the
transcription rate is only half that of the single X chromosome in males, which produces just
as much RNA as the two Xs in females put together.”*' The hyperactivity of X-linked genes
in male Drosophila appears to be due to a set of genes (ms/) which are inhibited when the key
gene Sx! is active and are therefore only functional in males.?

The only other information on dosage compensation in insects is in Orthoptera. Rao and
Ali?? showed that both X chromosomes in hepatic cecal cells of female Acheta domesticus
were euchromatic (i.e., transcriptionally active), and provided some evidence — using an
indirect measure of transcriptional activity of unproven reliability — that the single X
chromosome in the male may be hyperactive, as in Drosophila. On the other hand, females
of the mole cricket Gryllotalpa fossor (=africana?) seem to have only one arm of one X
chromosome transcriptionally active in hepatic cecal cells,** which resembles the system in
mammals. However, there is evidence that activity or inactivity of the X chromosomes in
Orthoptera may differ among tissues.®

In Lepidoptera, the limited evidence available from the differential activity of sex-linked
loci suggests that members of this order may manage without a dosage compensation mecha-
nism. Indeed, Johnson and Turner® suggested that in mimetic butterflies the dosage differential
may be used to advantage, in order to limit expression of a polymorphism to the female sex.

I11. SEX DETERMINATION IN DIFFERENT
GROUPS OF INSECTS

A. APTERYGOTA

Of the four most primitive extant orders of insects, only the Collembola have been studied
sufficiently to warrant generalization, and in these the male is the heterogametic sex and is
normally XO,373 but in Neanuridae, species with XO and others with XY are known.**
Presumably the XY species are neo-XY, but there is no cytological evidence to confirm this.
In Neanura monticola, with XO males, the X chromosome shows considerable polymorphism
with large amounts of heterochromatin (probably repetitive, noncoding DNA) in high altitude
populations.? In the Thysanura, Thermobia domestica possibly has X, X,0 males.** In Protura,
on the other hand, no instances of an XX/XO system have been reported; very few of the
species examined had morphologically differentiated sex chromosomes.*¥> No representa-
tives of the Diplura seem to have been examined cytologically.

B. PRIMITIVE EXOPTERYGOTA

XX/XO sex determination predominates in the Odonata, possibly in the Ephemeroptera*?
(although these are poorly studied), and certainly in the main Orthopteroid orders (Dictyoptera-
Phasmida-Orthoptera). Where an XX/XY system occurs in these groups, it is usually clear that
it is a neo-XY system, formed by fusion of an X with an autosome (Figure 2), so that the neo-
Y is homologous with a large part of the neo-X. In the anisopteran families of Odonata, for
example (reviewed by Kiauta,***) most species are XX/XO, but there are apparent neo-XY
systems in 15 species scattered through the families Gomphidae, Aeschnidae, Cordaliidae, and
Libellulidae, representing about 4% of the dragonflies then studied. Species with neo-XY
generally have, as might be expected, one less autosome pair than related species with an XO
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system; e.g., Aeshna crenata has 2n = 28 and XO males, whereas A. grandis has 2n = 26 and
neo-XY males.* Kiauta,* followed by Tyagi,*” explained an evolutionary decrease in the
number of autosomes in the family Gomphidae as a succession of fusions and translocations
between the neo-Y, the neo-X, and autosomes, the outcome of each step being a secondarily
derived XO system with one fewer autosome pairs. However, there is no clear cytogenetic
evidence that the sex chromosomes are involved in these changes of karyotype.

C. THE ORTHOPTEROID ORDERS

In the Plecoptera, which are generally thought to be an orthopteroid order that retains
primitive features, several species in different genera have XO males, always with a very large
metacentric X chromosome that moves in a highly characteristic way in the first meiotic
division.* XY males (presumably neo-XY) are only recorded for one species (Perla
(=Paragnetina) immarginata), but some species of Perla have a multiple X chromosome
system apparently derived from XX/XO, males being X,X,0, and in Perlodes there are three
species known with X,X,X;0 males. The two or three Xs in these species are much smaller
than the single X of XO and XY males in related species, and associate together in the first
meiotic division. Their mode of origin is a mystery, as there is no simple way in which a large
metacentric chromosome can give rise to several smaller elements.

The cytogenetics of the other orthopteroid orders has been comprehensively reviewed by
Hewitt*® (Orthoptera) and White’® (Grylloblattodea, Dictyoptera, Isoptera, Phasmida,
Dermaptera, and Embioptera), so information about the sex chromosome systems of these
groups will only be summarized here and up-dated. Dictyoptera (Blattodea + Mantodea),
Phasmida, Orthoptera, and Embyoptera all seem to be primitively XX/XO, whereas in
Isoptera and Dermaptera XX/XY predominates and is possibly the primitive condition.

In Blattodea (cockroaches), males seem to be invariably XO where both sexes have been
karyotyped.>' White® suggested that this stability of the sex determination system could be
due to the fact that the X is almost always metacentric, and therefore not so readily available
for centric fusion with an autosome to generate a neo-XY system. Yet it is difficult to see why
this argument does not equally apply to Phasmida, which also have a metacentric X yet
frequently develop a neo-XY system.

Isoptera (termites) are generally thought to have arisen from primitive Blattodea but,
whereas the most primitive cockroach examined cytologically has XX/XO,* the most primi-
tive extant termites seem to be mainly XX/XY.3* Nevertheless, some species do have XX/
X0,% and fusions and translocations between sex chromosomes and autosomes are so com-
mon in termites’355 that XX/XO could still be the primitive condition.>

Several species of Kalotermitidae in southern U.S. and the Caribbean form remarkable
chains or rings of up to 19 chromosomes in male meiotic nuclei,’”® often involving more than
half the total chromosome complement. The chains are thought to be due to a series of
reciprocal translocations involving both the sex chromosomes and the autosomes of one
chromosome set, these changes being restricted entirely to the male line, so that all the
chromosomes involved function together as a multiple Y chromosome complex (Figure 8).
Females are structurally homozygous and form normal bivalents at meiosis. The genetic
consequences of such an arrangement are quite profound; for example, they restrict many
alleles to males and increase the genetic similarity of offspring to the same-sex parent and to
same-sex siblings. The idea that this unusual system has played a significant part in the
development of eusociality in termites®! is, however, somewhat undermined by the fact that
the most extreme rearrangements are found in only a few of the more primitive termites.

Mantodea also seem to have an XX/XO mechanism with a metacentric X chromosome as
the primitive condition, but members of the largest subfamily Mantinae consistently have an
X, X, X,X,:X,X,Y mechanism that has aroused considerable interest among cytogeneticists.
White®? proposed that this was derived from XX/XO by translocation between the X and a
metacentric autosome (Figure 4), and all subsequent evidence has been consistent with this
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FIGURE 8. Diagram illustrating how a series of reciprocal translocations, involving one member of each of six
autosome pairs and the Y chromosome (a), could lead to a ring of linked chromosomes in male meiosis of the termite
Incisitermes schwartzi. The reciprocal interchange set is stippled, and only occurs in males. Chromosome pairs not
involved in translocations (right) form normal bivalents. Sizes of chromosomes are arbitrary; the X and Y chromo-
somes have not actually been distinguished from the autosomes or from each other in this species. (Adapted from
Syren, R. and Luykx, P., Nature (London), 266, 167, 1987.)

hypothesis.>® All Mantinae have a remarkably consistent chromosome complement, with 2n
(male) = 27 (only one exception is known — see below). Presumably the X,X,Y system had
a single origin in the evolution of this subfamily, and some of the species with X, X,Y males
currently placed in other subfamilies are perhaps wrongly classified. However, the African
mantid genus Compsothespis has an X;X,Y system with much smaller sex chromosomes, and
2n (male) = 23; at least in this case, an independent origin seems likely (see White®® for further
details). It is not at all apparent why this system has proved so successful for mantids. The
mechanism itself does not seem very efficient; complications often seem to arise in correctly
forming an X,X,Y trivalent in the first division of spermatogenesis, and consequently in
correctly segregating the X, and X, into one daughter spermatocyte and the Y into the other.
Callan and Jacobs®® showed for Mantis religiosa that the first meiotic division of those
spermatocytes that fail to form the X X,Y trivalent is inhibited, thus preventing the formation
of aneuploid sperm. Liebenberg et al.% reported a single male of Polyspilota aeruginosa
(Mantinae) with 2n = 28 instead of the usual 2n =27, and an X, X,Y,Y, mechanism. The origin
of the extra Y (neo-Y) in this one aberrant case is unclear.

White%° listed 57 species of Phasmida (stick insects) with identified sex chromosomes, of
which 49 are reported to have XO males — undoubtedly the primitive condition — and 7
species (in 6 separate genera) have a neo-XY system arising through fusion of an X with an
autosome (see Figure 2). The one other species studied, Didymuria violescens, occurs in
Southeast Australia, where it has at least 10 chromosomal races, occupying contiguous
distribution areas, and including both XO and neo-XY forms.55 Several independent origins
of a neo-XY system can be traced from XO ancestors.*

In the well-known parthenogenetic stick insect Carausius morosus, males and masculin-
ized females (intersexes or sex mosaics) appear occasionally in laboratory cultures, and their
numbers can be enhanced by various treatments, e.g., subjecting the eggs to high (30°C)
temperature,® centrifuging the eggs,” X-irradiating egg or oocytes,® or injecting the mother
with pterine derivatives.®” Females and masculinized females have three metacentric chromo-
somes that are regarded as sex chromosomes because of their behavior in meiosis. Males lack
one of these sex chromosomes or a segment of one of them.” The method of sex determination
is difficult to work out because the female karyotype is highly aberrant due to its long history
of parthenogenesis. It has been suggested that C. morosus originated as a triploid or tetra-
ploid.” However, whatever their origins, both sex chromosome and autosome complements
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are now aneuploid, and cannot be regarded as comprising any particular number of chromo-
some sets. Male determination presumably occurs because of a change in the genic balance
between factors on the sex chromosomes and on the autosomes (so that, assuming that the
molecular model established for Drosophila applies, the key female-determining gene Sx/ is
repressed). It is not clear why intersexes, which retain the female karyotype, arise under
certain conditions; one possibility is that high temperatures, etc. prevent splicing of female-
specific messenger RNAs. General inactivation of the sex chromosomes by
heterochromatinization has been suggested’ to function in sex determination, but such
heterochromatinization has only been observed in germ-line (spermatogonial) interphase
nuclei, and it is not known whether it occurs in embryonic somatic cells.

Only eight species of Embioptera have been studied cytologically (four in each of the
families Oligotomidae and Embiidae), and all have an odd number of chromosomes in male
somatic cells, indicating that sex determination is probably XX/XO, with the X chromosomes
large and metacentric.’® Nothing is known about sex determination in Zoraptera.

Hewitt* comprehensively reviewed the extensive cytogenetic studies that have been car-
ried out on the Orthoptera proper (Saltatoria). Since Hewitt’s review, there have been signifi-
cant contributions on the sex chromosome systems of neotropical Acridoidea (about 200
species’?), the acridoid subfamilies Catantopinae,”™ and Pamphaginea,’ Indian Orthoptera (30
species’), and certain Tettigonoidea.”®”® XX/XO sex determination is found in the great
majority of species in all subdivisions of the order, both primitive and advanced, and is
undoubtedly the primitive condition for the Orthoptera as a whole. The only exception is the
relic group Grylloblattodea, with XY males in the only two species studied,>® but in the face
of all the other evidence, this must be regarded as a derived state. About 8% of species have
XX/XY or X, X, X,X/X,X,Y systems, which occur in every major subdivision of the group
and are usually clearly evolved secondarily from an XX/XO condition by centric fusion
(Figures 1, 2). Two cases are known, one in Eumastacoidea (“Morabinae species P45b”)” and
the other in Tettigonoidea (Callicrania seoanei)’s of the neo-X being formed by “tandem
fusion” of an autosome to the centromeric end of the original X. In both these cases, the neo-
Y forms a terminal connection with the neo-X at meiosis, and this neo-XY bivalent divides
equationally at first meiotic division, so that the X and Y do not segregate until the second
division (“postreductional meiosis”). The mantid type of origin of an X,X,Y system, directly
from XX/XO by translocation between an X and an autosome, is not known to occur in
Saltatoria, perhaps because autosomes in this order are predominantly acrocentric,” making
centric fusions a more likely occurrence.

The neo-X produced by centric fusion between an acrocentric X and an acrocentric
autosome is likely to be large and metacentric, and the neo-Y (the original autosome) is
acrocentric (see Figure 1); the majority of cases of neo-XY systems in Saltatoria have sex
chromosomes of this form (see Table 8 in Hewitt*®). Likewise, neo-X,X,Y males produced as
a result of a Y-autosome fusion have a metacentric X, and Y and an acrocentric X, (Figure
2); again, the majority of X, X,Y systems in Saltatoria conform to this pattern. This may reflect
the recent origin of many of these systems because, once a neo-Y is formed, it is subject to
very different evolutionary pressures from the original autosome. Several species have been
studied that have both XO and neo-XY populations;’>"7-%2 presumably the neo-XY system
is only very recently established in such populations, and in some cases the early stages of
differentiation of the neo-Y from its homologue, now part of the neo-X, can be observed. The
neo-Y may acquire heterochromatic segments, and pairing between the neo-X and neo-Y may
become restricted to terminal regions, so that crossing-over is limited, paving the way for
further differentiation of the genetic role of the neo-Y from that of its former homologue.

In time, as discussed earlier, the neo-Y is likely to degenerate; an example of this may be
the Gryllacridoid genus Dolichopoda, where the “neo”-XY system is possibly as old as the
genus itself, and all species studied have a large metacentric X and a small dot-like Y.%
However, no instance has yet been identified in Orthoptera of the complete loss of a neo-Y,
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to revert to an XO system, which suggests that the neo-Y may acquire and retain some
functional male-linked loci.*

The earwigs (Dermaptera) seem to stand somewhat apart from the other orthopteroid
orders, and this is reflected in their chromosomes, which have diffuse centromeric activity like
those of Hemiptera, and in their sex determination system, as the primitive condition for the
group seems to be XX/XY rather than XX/XO. Only two species with XO males are recorded,
belonging to different families.* Multiple sex chromosomes are very common, occurring in
about half the species that have been karyotyped, with similar frequency of incidence in all
families. Multiple Xs have probably arisen by simple dissociation of the existing X chromo-
somes, as in other insects with holocentric chromosomes (Figure 5). They form a close cluster
on the spindle at first meiotic division, and all move together to one pole, while the X moves
to the opposite pole. The ubiquitous earwig Forficula auricularia is unusual in having two
alternative Y chromosomes, one of which (“Y,”) is mitotically unstable so that it tends to
accumulate in number, and individual males may have up to four copies (XY,Y,Y,Y,).
Mosaic males have been recorded with different numbers of Y chromosomes in the cells of
each testis.® h

D. THE HEMIPTEROID ORDERS

The Psocoptera are generally regarded as close to the basal hemipteroid stock, and all the
32 species so far examined cytologically® seem to have XX/XO sex determination. Nothing
is known about the sex-determining mechanisms of biting and sucking lice (Mallophaga and
Siphunculata), as no sex chromosomes have been identified in any of them. When a female
human louse (Pediculus humanus) is mated with a single male, the sex ratio of the progeny
is strongly biased toward one or other sex, and unisexual broods are common.*® Contrary to
White,? no information is available about the progeny of females mated more than once, and
it seems likely on the available evidence that maternal factors are involved in the determina-
tion of sex in lice, as in certain Diptera (e.g., Chrysomya).

Most species of Heteroptera have XX/XY sex determination,®’ but there are some groups
— e.g., 124 species in the related families Coreidae and Alydidae — that are almost exclu-
sively XX/X0.88 XO males also predominate in the supposedly more primitive Heteroptera
(Gerromorpha; but see Calabrese and Tallerico®), and Ueshima® concluded that the XY
system in Heteroptera, despite its widespread occurrence, is derived from a primitive XO
condition. Nokkala and Nokkala,® on the other hand, argued that XY was ancestral. Clearly,
XY systems are ancient and well-established in terrestrial Heteroptera; the X and Y chromo-
somes generally show little or no evidence of the homology expected of a neo-XY system and
undergo a characteristic pattern of meiotic behavior in which they usually segregate at the
second division (for details, see White? (pp. 620-621) or Ueshima®?). The scattered occurrence
of XO species within genera must surely be due to secondary loss of the Y chromosome, and
such loss may have occurred early in the evolution of many families of terrestrial Heteroptera.
However, this does not rule out the possibility that the common ancestor of all Heteroptera was
XO, as in Psocoptera, and that XX/XO sex determination may be the primitive condition in
some families of Gerromorpha. The problem can only be resolved when the cytology of
members of the most primitive groups, Enicocephalomorpha and Dipsocoromorpha, now
thought to have a sister-group relationship with all other Heteroptera,’ as well as of the relic
family Peloridiidae (suborder Coleorrhyncha), have been examined. The only information for
these groups so far is for one species of Dipsocoromorpha, males of which were tentatively
recorded as X0.9 Multiple sex chromosomes are common in Heteroptera, and may be derived
from either XY or XO systems. Apparently they are in most cases due to dissociation of the
X chromosome into two or more smaller parts, which group together on the spindle of the
second meiotic division and move en bloc to one pole (see Figure 5). In some species, the
number of X chromosomes varies; the best-known example is the bedbug Cimex lectularius,
where the number of separate X elements varies from 2 to 15.



72 Insect Reproduction

Messthaler and Traut® showed that the Y chromosome was heterochromatic and therefore
transcriptionally inactive in all stages of spermatogenesis of the milkweed bug, Oncopeltus
fasciatus. Despite the reservations of Thomas,* there can be little doubt that the Y chromo-
some in Heteroptera is genetically inert, and that sex determination is based, as in most insects,
on a “recessive-X” (i.e., genic balance) system. Otherwise it would be impossible to explain
how the secondary loss of the Y chromosome could occur in so many groups without
concomitant loss of genetic viability.

Sex determination in Homoptera-Auchenorrhyncha is predominantly XX/X0.%% A few
species with XY males occur within genera and subfamilies that are otherwise exclusively
X0, and in such cases it is often clear that the Y is a neo-Y; i.e., the homologue of an autosome
that has recently fused with the X. Such a neo-Y pairs with the autosomal part of the neo-X
in meiosis and segregates from it at the first division.?” In several species of Oncopsis, both
XO and neo-XY males occur in the same or different populations; the XY state results from
fusion of the X chromosome with a different autosome in each species.”

The Homoptera-Sternorrhyncha include some of the most specialized hemipteroid fami-
lies, and the basic system of sex determination is often obscured, especially in groups with
well-developed parthenogenesis. The Psylloidea are the least reproductively specialized, and
here again sex determination is predominantly XX/XO. Only three species with XY males
have been found in a total of 39 species examined, all apparently recently derived from XO
by X chromosome-autosome fusion.®-!°! The Aleyrodoidea have received very little attention
from cytogeneticists. On the basis of early cytological work on three species,'9!% and the
observation that males are only produced in laboratory populations by unmated females, the

general presumption is that all male aleyrodids are haploid.? It would be preferable to have this
confirmed for more species before assuming that haplodiploidy is of general occurrence in this
group. The factors invoking male determination are unclear, but the cytological mechanism
in those species studied seems to be the same as in Hymenoptera, with meiosis replaced by
a single mitotic division, each primary spermatocyte giving rise to only two spermatids.
Populations of Trialeurodes vaporariorum seem to have an approximately 1:1 sex ratio in
field populations in both Europe and North America,'® which is unusual for a haplodiploid
system. However, thelytoky is a complicating factor in interpreting sex ratios in this species.
The populations originally introduced from North America to England consisted almost
exclusively of thelytokous females,'® and it is not known what proportion (if any) of females
reproduce thelytokously in present-day populations. In Bemisia tabaci, which has not been
studied cytologically, thelytoky is unknown and the number of males produced seems to be
temperature dependent.'%

It is impossible to do justice here to the remarkable sex determination systems of scale
insects (Coccoidea), and for details the reader is referred to the authoritative reviews by
Nur.106107 Al the different systems are believed to have evolved from an ancestral XX/XO
system which is still found in some members of the more primitive families (Ortheziidae,
Margarodidae, Phenaeolaechiidae). Some of the margarodids (Icerya and four closely related
genera) have evolved male haploidy, and in some species of Icerya there is the further
development of hermaphroditism, with morphologically female individuals maturing haploid
sperm and diploid ova in an ovotestis. In hermaphrodite Icerya, fertilization is usually between
eggs and sperm of the same individual; nevertheless, some eggs apparently remain unfertilized
and give rise to functional haploid males. In all the more advanced families of Coccoidea, the
paternal set of chromosomes is rendered inactive in most tissues by heterochromatinization
during the development of male embryos (the “lecanoid” and “Comstockiella” systems; see
Nur'®), It seems that sex in these families is determined maternally rather than by the
genotype of the zygote, because the sex ratio is greatly affected by the age of the female at
mating and by environmental conditions such as temperature.'”’ It is not clear, however,
whether the inactivation occurs after, and as a consequence of, the embryo already having
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been determined as male, as in Sciaridae (see Diptera, below), or whether the inactivation
process itself provides the mechanism for male determination.'?’

Bull'? pointed out that the evolution of these advanced coccoid systems from XX/XO is
something of a mystery, because the heterochromatinized paternal chromosomes are elimi-
nated in spermatogenesis, so that all sperm carry only the maternal genome. There is thus no
genetic polymorphism among sperm to serve as a basis for sex determination, which effec-
tively means that the advanced coccoid systems can never have coexisted with a system such
as XX/XO, and must therefore have evolved through a form of sex determination without male
heterogamety. There are a few coccid species (e.g., Lachnodius eucalypti) without identifiable
sex chromosomes, and which do not undergo heterochromatinization of one chromosome set
in the male (2N-2N of Nur'%). Nur thought that these were probably derivatives from forms
with heterochromatinization, but Bull’s argument makes it more likely that they are represen-
tative of this intermediate stage, evolved from XX/XO prior to the origin of
heterochromatinization, which is in line with the original views of Brown.!® Haig has
developed a model for the evolution of the advanced coccoid systems based on sex ratio
theory.!® h

Aphids (Aphididae) all have XX/XO sex determination. An XX/XY system would be an
impossibility for these cyclically parthenogenetic insects, because most species exist through
the summer as all-female, thelytokous populations, and during this period the Y chromosome
would have “nowhere to go”. Aphids produce males parthenogenetically. To develop as X0
males, oocytes have to lose half the sex chromatin of the parent female. This is achieved in
a single egg maturation division, as in the thelytokous production of females, but the X
chromosomes pair during prophase!'® and then undergo a sort of “mini-meiosis” on their own,
first separating the products of pairing and then dividing equationally with the autosomes, all
on the spindle of the single maturation division.'""!2 This peculiar cytological mechanism for
male determination is of special interest because it is normally triggered by environmental
conditions and mediated by a low level of juvenile hormone in the haemolymph; males can
be induced by treatment with precocene, which destroys the corpus allatum, and inhibited by
the juvenile hormone analogue kinoprene.'* The environmental factors are normally photo-
period (actually the length of the dark phase) and temperature in Aphidinae, but may be
nutritional in other groups, and in some species, males appear spontaneously or after a
genetically programmed number of thelytokous generations.!!

The spermatogenesis of aphids is also relevant to their sex determination, because the
fertilized eggs must all develop as thelytokous females, so all the sperm from XO males must
carry an X chromosome. This is achieved by a peculiar first meiotic division in which the X
is stretched on the spindle before passing into one of the daughter spermatocyte nuclei, after
which the daughter nucleus without an X degenerates.'"®

Multiple X chromosome systems occur in some aphids, apparently as a result of dissocia-
tion of the original X, and the separate elements all behave in the same way in meiosis.''6.1"7
The greenideine species Schoutedenia ralumensis (=lutea) has what was presumably origi-
nally an X, X,X,Xy/X,X,0 system, but it has become modified in a remarkable way by
consistent association or temporary fusion of one member of an autosome pair with X, and
the other member of the same pair with X,.!!# Male determination necessarily retains both
these autosomal homologues (AA), so males receive the two elements X, + A and X, + A. One
of the X chromosomes (it is not clear whether it is X, or X;) then has to lose its connection
with the autosome at anaphase I of spermatogenesis, so that males can transmit one X+ A and
one X to the next generation (Figure 9). How this peculiar system evolved as a stable
mechanism for sex determination is something of a mystery.

Multiple X chromosome systems with X,X, males also occur in the primitive aphidoid
families Phylloxeridae and Adelgidae (see Blackman''? for review), and show some unusual
features in the few species studied. In particular, there seem to be species in each group which
have evolved a potential for male-linked inheritance “by proxy,” which overcomes the total
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FIGURE 9. Sex chromosome-autosome associations in the aphid Schoutedenia ralumensis (=S. lutea). For simplic-
ity;onl)f, the X chromosomes and the pair of autosomes (AA) associated with them are shown. Female somatic cells
(a) have four long chromosomes of unequal length, representing X, (X, + A), X, and (X; + A). Male somatic celis
and spermatogonia (b) have the longest two chromosomes, which are (X, +A)and (X, + A). In spermatogenesis, at
prophase of the first meiotic division, the autosomes attached to X, and X,, being homologous, pair in paraliel (c,d).
When the cell divides (anaphase), either X, or X, loses its connection with the autosome (e; shown here as X,, but
it is uncertain which). The lost autosome passes into one daughter cell which lacks both X chromosomes and
degenerates. The other daughter cell has both X chromosomes, with one autosome still attached to one of them )
it divides equationally to give spermatids with the same chromosome constitution. Presumably, for the system to be
stabilized, oogenesis must somehow result in oocytes with the complementary arrangement; i.e., if sperm have X+
A) and X,, oocytes will have X, and (X, + A). It is not known how this is achieved. (Based on Hales, D. Chromosoma
98, 295, 1989.)

absence of males during the parthenogenetic (thelytokous) part of the life cycle, by having two
cytologically distinct types of all-female line; one leading eventually to male production and
the other to sexual females. In Phylloxera caryaecaulis, studied by the pioneer cytogeneticist
T. H. Morgan,!? one member of the smaller “pair” of X chromosomes seems to be limited to
the male-producing line, and behaves differently from the other in its pairing relationships
during sex determination and spermatogenesis (Figure 10). In the adel gid Gilletteella ( =Adelges)
cooleyi, Steffan'?' found one member of the longer pair of X chromosomes dissociated into
two parts in about 50% of thelytokous females, and in the somatic cells of males, but not in
sexual females. Further work is needed on these groups to confirm and extend these findings.

The last hemipteroid order to be considered is the Thysanoptera (thrips), both suborders of
which (Terebrantia, Tubulifera), on the basis of the few species that have been studied
cytologically, have haploid males.!22123 The cytological mechanism involved is not very clear,
but seems to differ from that of Aleyrodoidea and Hymenoptera, and must be independently
derived. Instead of meiosis being replaced by a single mitotic division, as in other insects with
haploid males, two meiotic divisions are retained; the first is apparently equational, giving rise
to two similar-sized spermatocytes, but the second produces one large functional spermatid
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FIGURE 10. Chromosome cycle of Phylloxera caryaecaulis, redrawn from Morgan.'® Autosomes are shown
black, X chromosomes white, except for one member of the smaller pair (X,) in the male line, which is stippled to
show its differential behavior and possible role in sex determination. In the line leading to production of sexual
females (left), small and large X chromosomes seem to be consistently associated, in the somatic cells of both
parthenogenetic and sexual females and throughout oogenesis. In the line leading to male production (right), the small
and large X chromosomes are likewise associated throughout the parthenogenetic phase, but during maturation of
eggs destined to become male, the Xs exchange partners, so that the two large X chromosomes form one pair, and
the small Xs another. Consequently, at maturation division of male eggs, the small and large X chromosomes
segregate from each other independently. Males have X,X,0; half of them apparently have X, and X, associated
together as in females, and half have them separate. Sperm with separate X, and X, are believed to give rise to the
parthenogenetic line that will produce the males of the next bisexual generation.

and one much smaller one that rapidly degenerates.'?? As in the Aleyrodoidea, the factors
invoking male determination are unclear; sex ratios show considerable variation within and
between species,'?* but the interpretation of these in genetic terms is complicated by the
occurrence of thelytokous parthenogenesis in many of the best-studied species.'® In
Elaphrothrips tuberculatus, females have unisexual broods, the males being produced vivipa-
rously and the females oviparously; more males seem to be produced when the offspring are
larger and fitter in the favorable nutritional conditions of spring.'?¢

E. NEUROPTEROIDEA AND COLEOPTERA
The Neuropteroidea (Megaloptera, Raphidioptera, and Plannipennia) are generally re-
garded as an early branch in the phylogeny of the endopterygote insects, but no species have
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FIGURE 11. Diagrammatic drawings of first meiotic metaphase of male of (a) the neuropteran Macroneurus
appendiculatus, showing “distance pairing” of X and Y chromosomes, and (b) the megalopteran Neohermes
filicornis, showing X and Y forming a bivalent like the “parachute bivalent” (Xy,) of Coleoptera. Structure of the
parachute bivalent is shown in (c). (Based on Hughes-Schrader, S. Chromosoma, 81, 307, 1980.)

been found with XX/XO. Almost all species studied seem to have XX/XY sex determination,
with a few showing multiple X systems. The X and Y chromosomes of Raphidioptera and
Plannipennia (=Neuroptera sensu stricto) behave in a very consistent fashion during spermato-
genesis (Figure 11a). They are both small chromosomes that apparently lack any homology,
because they never pair to form a bivalent in the first meiotic division, and regularly take up
positions in opposite halves of the spindle before segregating into the daughter spermato-
cytes.®!1? In the two species of Megaloptera that have been studied, however, the X and Y
chromosomes form a bivalent that positions itself with the autosomes on the equator of the
spindle and segregates synchronously with them at the first meiotic division.'"® The Y
chromosome is much smaller than the X, and in one species the bivalent looks very like the
“parachute” bivalent (Xy,) found in Coleoptera (Figure 11b,c, and see below).

Thus, the sex chromosome systems of the Neuropteroidea seem to provide useful phylo-
genetic evidence pointing to a sister-group relationship between Raphidioidea and Plannipennia,
and also supporting the often-held view (e.g., Henning'?) that the Megaloptera are the sister
group to the Coleoptera.

The Coleoptera show a great diversity of sex chromosome systems, although the underly-
ing genetics of sex determination may well be far less variable, and is likely to be based on
a recessive-X mechanism, except where male haploidy has evolved. Coleopteran cytogeneti-
cists have accumulated information about the sex chromosome systems of over 2500 species.
Fortunately, the comprehensive reviews by Smith and Virkki'*® and Virkki'*! mean that only
a brief overview and some updating are necessary here.

The peculiar symbols used in the literature on beetle sex chromosomes are somewhat
daunting to the nonspecialist, but can be simply explained. They symbolize the appearance
and behavior of the sex chromosomes in the first meiotic division of the male beetle. Sex
chromosome symbols are written together if there is any sort of pairing between them to form
a bivalent (e.g., XY), but separated by a plus sign (e.g, X+Y) in the much rarer cases where
they do not pair. The Y chromosome is usually very small in Coleoptera, and this is indicated
by writing Xy instead of XY. In most Polyphaga with Xy, the minute Y is attached by both
its arms to the larger X, so that it resembles a parachutist suspended below the “canopy”
formed by the X (Figure 11c). The formation and structure of the parachute has recently been
studied by silver staining;"3? it is believed to have a role in assisting the regular segregation
of the X and Y at first meiotic division. When the Xy bivalent takes this form, then a subscript
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“p” (for parachute) is added: Xy,. XX/XO systems in Coleoptera are represented by a single
X, rather than as XO. Systems with multiple small Y (=y) chromosomes involved in a single
parachute are written Xyy,, Xyyy,, etc.

Two main types of neo-XY system occur in beetles; those with a large Y, probably derived
from an XO system by X-autosome fusion (e.g., Figure 2), and those where an autosome has
apparently undergone a reciprocal translocation with either the X, or the y, of an Xy, system
to give an “X; neoX-neoY,”, or some other complex system in which the original parachute
has elements (neo-X, neo-Y) associated with it in the first division of meiosis. 131133

The more primitive beetles (Adphaga) differ from the Polyphaga in that Xy, systems are
virtually absent except in a few Dytiscidae (records of Carabidae with Xy, are apparently
questionable!3). XX/XO is most frequent in Adephaga, occurring in about 53% of species,
with 29% having XX/XY (or XX/Xy).!* XY systems predominate, however, in the carabid
genus Bembidion (176 out of the 205 species examined!?). Tiger beetles (Cicindelidae)
mostly seem to have multiple X systems, with 2, 3, or 4 X chromosomes.'3¢

More than half of over 2000 species of Polyphaga examined cytologically have Xy, sex
chromosome systems, which are well represented in every major family, and are generally
thought to be the ancestral condition for the whole suborder. Whether Xy, is the primitive
condition for all beetles is not quite so clear, because of its rarity in Adephaga, although the
recent finding of a sex parachute in a megalopteran makes it more likely. Only single species
have been examined in each of the two primitive beetle suborders Archostemmata and
Myxophaga, and they may both be untypical.'**'%7

Since Virkki’s 1984 review,!3! there have been significant studies on the sex chromosome
systems of Chrysomelidae,!* 1% Histeridae,'® Indian Staphylinidae,!*! Indian Curculionidae,'*?
32 other Indian beetle species,'** Tenebrionidae,'* Bruchidae,'¥* and 50 Russian beetle
species.!46

Apparently the related order Strepsiptera is still cytologically unknown.

F. HYMENOPTERA

All the Hymenoptera except the few species that are thelytokous have haploid males,
produced from unfertilized eggs. The origin of haplodiploidy in this group presumably
therefore dates back to its inception in the early Mesozoic or late Palaeozoic. There seems little
doubt that this form of sex determination has been the key factor enabling the development
of eusociality in the higher groups of the order.!?

Possible genetic mechanisms underlying haplodiploid sex determination have already been
outlined. At least two different models are necessary to fit the observed facts, one involving
multiple alleles at a single locus, and the other involving multiple loci.2!-14814% The single-locus
mechanism (see p. 64) results in up to 50% of the fertilized eggs in inbred populations
developing as diploid males, which generally have low viability and fertility.2"!5° Diploid
males have been reported from several species of Tenthredinoidea, Ichneumonoidea, Apoidea,
and Formicoidea.!® Not all the reported instances can be attributed to inbreeding, but the
single-locus model seems to be established for one or more species in each of the above-cited
subfamilies, suggesting that it is ancestral to the Hymenoptera as a whole; e.g., the sawfly
(Neodiprion nigroscutum, the braconid Habrobracon hebetor, the ichneumonid Diadromus
pulchellus,’' the honeybee Apis mellifera, and the fire ant Solenopsis invicta.!3?

If single-locus sex determination occurs generally in the ichneumonid and braconid para-
sitoids reared and released as biological control agents, they may suffer from reduced viability
if inbred populations are used, because of diploid male production.'*® In several species of
Chalcidoidea, however, in which sibmating is common in nature, inbreeding has not led to the
male-biased sex ratios that would be expected if diploid males were being produced, and a
multiple-locus model seems to be necessary. A single-locus scheme also does not seem to
explain sex determination in six species of meliponine bees, which did not produce diploid
males when sibmated,'s? although diploid males were later obtained in another meliponine
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species.'* Neither single-locus nor multiple-locus models seem applicable to the bethyloid
Goniozus nephantidis, which typically has within-brood mating and hence marked inbreed-
ing.!” Generalizations would be unwise in the present state of knowledge, but it seems that
single-locus sex determination is likely to occur in Hymenoptera that generally practice
outbreeding, or in the higher social groups where the production of diploid males can be
controlled; for example, diploid male honeybee larvae are eaten by workers about 72 h after
eclosion.!%

There have been estimates of the number of sex-determining alleles for several species,
either by crossing different lines (9 alleles, in H. hebetor), or by a statistical calculation based
on the incidence of diploid males in natural populations (99-19 in A. mellifera, depending on
population size;!s? 20 in Melipona compressipes fasciculata;'* 15 in S. invicta'’?).

The pteromalid (chalcidoid) wasp Nasonia vitripennis has on occasions produced fully
fertile diploid males in laboratory cultures, but will not do so in response to intensive
inbreeding.!s® It is difficult to explain sex determination in this species, even as a multiple-
locus mechanism.!® Nasonia has been studied particularly with regard to the ability of the
female wasp to manipulate sex ratios by controlling sperm access to eggs, and in the course
of those studies several apparently extrachromosomal factors were discovered that influence
sex. One of these is of particular interest because it is transmitted paternally, but then
inactivates the paternal chromosome set by heterochromatinization in the fertilized egg, so
that genomically haploid, all-male broods are obtained.' It thus mimics the normal mode of
sex determination of some scale insects and of sciarid flies. The transmitting agent has now
been identified as an accessory (B) chromosome, termed the paternal sex ratio or PSR
chromosome.'6016! [ effect, the PSR chromosome “jumps” from one haploid set to another
at the expense of the chromosomes with which it is associated and is thus an extreme example
of “selfish” DNA.

Most gall-forming Cynipoidea have two generations per year, one thelytokous and the
other bisexual. For several common species it has been shown that females of the unisexual,
thelytokous generations differ in the eggs that they lay, producing either only haploid (male)
eggs or only diploid (female) eggs.'s? The females of the bisexual generation are also of two
types, one giving rise only to the male producers of the next unisexual generation, the other
only to the female producers. Thus each female of the bisexual generation has grandchildren
of only one sex. Possible underlying genetic mechanisms were discussed by Crozier.?!

G. THE PANORPOID ORDERS

It is generally agreed that the remaining insect orders — including Lepidoptera and Diptera
— form a monophyletic group, with the Mecoptera close to its main stem. It is therefore of
interest that, whereas only a minority of species in the higher panorpoid orders have an
XX/XO system, XO males are found in all species of Mecoptera so far examined except one
(which has a clearly derived multiple sex chromosome system, with X,X,Y males).? It seems
likely, therefore, that the variety of sex chromosome systems found in the remaining orders
were all derived from an XX/XO system.

Very little is known about sex determination in the highly specialized order Siphonaptera
(fleas), which is placed somewhat uncertainly in the panorpoid complex. Of the four species
examined, two were probably XX/XY, and two apparently had multiple sex chromosomes;*!
males of one of these latter were X, X,Y, and of the other possibly X,Y,X,Y,.

At some stage in one of the two main branches of panorpoid evolution — that leading to
the Trichoptera and Lepidoptera — the XX/XO system was replaced by a system involving
female heterogamety (XY/XX or ZW/ZZ). Suomalainen'® discussed the similarity between
trichopteran and lepidopteran sex chromosome systems. Both Trichoptera and Lepidoptera
have numerous small holocentric chromosomes, with sex chromosomes that are hardly
distinguishable in either mitotic or meiotic cell divisions, so much of the early work on sex
determination in Lymantria dispar® and Bombyx mori'$> was done without any cytological
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information. Robinson’s'® list of chromosome numbers of over 1000 species of Lepidoptera
has no information on sex chromosomes. However, Smith’s'6’ discovery that all or part of the
unpaired Y (or W) chromosome in females is heterochromatic in interphase nuclei — and
hence that nuclei of female Lepidoptera with XY sex chromosome constitution contain a
dense “sex chromatin body™ that is not found in male cells — provided a simple method for
determining the sex chromosome system. Traut and Mosbacher!®® and Ennis'®® between them
found a sex chromatin body in cell nuclei of females of 151 out of a total of 185 species
studied. Where females of a species had no sex chromatin body, female somatic or oogonial
cells of that species generally had an odd number of chromosomes, one less than in the male,
indicating an XO/XX (or ZO/ZZ) sex chromosome system. XO females are more common in
some families (e.g., Lasiocampidae, Yponomeutidae, Noctuidae) than others. Genera in
several families contain both XY and XO species.!'®® A very few species have one or two
heterochromatic bodies in male as well as female nuclei, presumably due to presence of
constitutive heterochromatin on other chromosomes apart from the Y.

Multiple sex chromosomes (females with XY,Y;) have been found in two species of
Pyraloidea and two of Tortricoidea.!” The two Y chromosomes, probably arising by simple
dissociation, both associate with the X in the first meiotic division of oocytes to form a
trivalent. In female somatic cell nuclei of three of the four species, it was possible to observe
two sex chromatin bodies, corresponding to Y, and Y,.

Some species of Solenobia (Psychidae) have thelytokous races, and a special mechanism
is necessary to ensure that progeny are all heterogametic like their mother. In S. triquetrella,
which has both diploid and tetraploid thelytokous races, the nucleus that develops as an
embryo is derived by fusion of two of the four nuclei resulting from meiosis; as this fusion
is always between nonsister nuclei, the sex chromosome heterozygosity is preserved.!”!

Even though very few species have been studied in any detail, it is clear that the genetic
mechanisms involved in sex determination in Lepidoptera must be almost as variable as they
are in Diptera (see below). In the silkworm B. mori, it has long been known that the Y
chromosome of the female carries a dominant female-determining gene.'®® Diploid, triploid
and tetraploid individuals are female as long as there is at least one Y chromosome, even when
the X:Y ratio is 3:1. Intersexes do not occur. Thus any male-determining factors on the X or
on autosomes must be very weak in their effect. On the other hand, there is abundant evidence
from Goldschmidt’s work that sex determination in L. dispar depends on a delicate and
evolutionarily labile balance between the strengths of a male-determining factor or factors on
the X chromosomes and one or more female-determining factors, probably on the Y (reviewed
by White;® but see also Clarke and Ford'’2).

In several lepidopteran families, including some Lasiocampidae'® and Saturnidae,'®!" in
the same superfamily as Bombyx, the occurrence of XO/XX sex chromosome systems seems
to rule out any mechanism based on a dominant Y-borne sex factor and, where closely-related
XO and XY species occur, it seems likely that the Y has little or no role in sex determination.
In Ephestia, at least half the Y chromosome can be lost without any effect on sex determina-
tion!™ (although the female-determining factor could still be located on the remaining half).
It seems possible, therefore, that the vital and dominant role of the silkworm Y chromosome
is somewhat unusual.

The other main branch of the panorpoid complex — that leading to the higher Diptera —
also seems to have undergone major changes in the mechanism of sex determination early in
its evolution. The most primitive group of Diptera-Nematocera, the Tipuloidea, includes
species with XY males, such as Pales (=Nephrotoma) ferruginea, in which the X and Y
behave in an almost identical fashion to those of Neuroptera-Plannipennia; i.e., they do not
form a bivalent in the first division of meiosis, and take up positions in opposite halves of the
spindle (“distance pairing”), before segregating to the poles.!” Even in Tipuloidea, however,
there is evidence of a change in the sex determination mechanism which forms the basis for
the variety of systems in the Diptera as a whole. In P. ferruginea, XXY individuals are male,'’
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indicating that sex determination is based on a dominant-Y mechanism, which is unlike all the
other insect groups covered so far.

The X and Y in most tipulids are very small, and in Tipula caesia and T. pruinosa they have
“disappeared”; it seems probable that the sex chromosomes in these two species, or at least
the Y chromosome, have fused with members of a pair of autosomes, so that one of the three
pairs of autosomes now bears the sex-determining locus.® A similar change seems to have
occurred in the two species of the tipulid subfamily Limnobidae (=Limoniinae) studied by
Wolf:'7? Dicranomiya (=Limonia) trinotata and Thaumastoptera calceata. A species of Liriope
in the family Ptychopteridae, which is placed phylogenetically somewhere between Tipulidae
and Psychodidae, provides support for this idea;!® it has heteromorphic sex chromosomes (X
and Y), but they have “acquired” homologous regions so that they pair to form a bivalent in
meiosis, suggesting that they are a neo-X and neo-Y formed by translocation or fusion with
a pair of autosomes. In this case, the size of the original Y, or the size differential between the
original X and Y, was presumably large enough to ensure that the neo-X and neo-Y are
recognizably heteromorphic.

In the Psychodoidea, which appear to be a branch of the dipteran phylogeny arising
between the Tipuloidea and Culicoidea, only a few species of sand flies (Psychodidae) have
been studied cytologically,'”!8! but these provide a similar picture to the Tipuloidea. Most
species have 2n = 6 or 2n = 8 without recognizable sex chromosomes, but one (Phlebotomus
perniciosus) had 2n = 10 including a small heteromorphic pair of sex chromosomes'” —
presumably the more primitive condition.

In Culicoidea, where many more species have been studied cytogenetically, only the
Chaoboridae and the culicid subfamily Anophelinae have heteromorphic sex chromosomes. 82183
The Chaoboridae and one anopheline species (Chagasia bathana) have 2n = 8, with acrocen-
tric X and Y, whereas other Anophelinae and all other Culicidae studied have 2n = 6, perhaps
as a result of sex chromosome-autosome fusion. X and Y chromosomes in most mosquito
species can, however, be distinguished by their different patterns of staining with Giemsa or
quinacrine (“G, C, or Q bands”; e.g., Newton et al.'®¥), and slight intraspecific or interspecific
differences size can often be attributed to different-sized blocks of constitutive heterochroma-
tin (repetitive, noncoding DNA) (e.g., Mezzanotte et al.'8). Anopheles X and Y chromosomes
have extensive heterochromatic regions.!83

The dominant, male-determining locus (M) of Aedes aegypti is on one member of the
shortest chromosome pair near the centromere,'® and has been similarly located in several
species of Culex,'83 but in one strain of C. tritaeniorhynchus in Japan, “M” is on one of the
longest chromosome pair.'¥” Thus, the sex determinant can alter its position in the genome, a
phenomenon which comes into its own in the next superfamily, Chironomoidea.

Members of the other family usually included in Culicoidea, the Dixidae, lack heteromor-
phic sex chromosomes,'®8 as in the Chironomoidea.

Sex determination in Chironomoidea — or at least, in Simuliidae and Chironomidae, since
the Ceratopogonidae are little studied — is characterized by two features: (1) there are almost
always three chromosome pairs, none of which are heteromorphic; and (2) there is usually a
dominant male-determining factor that can apparently occur almost anywhere in the genome
and often differs in location between closely related species (Figure 12). In the Eusimulium
vernum complex alone, for example, five out of the six chromosome arms are involved in sex
determination in different species and sibling species.'® In the E. aureum species group,
which is unusual in having 2n = 4, either of the two chromosome pairs may serve as the sex
chromosomes, and sex factors may occur in any of the four chromosome arms.!%

Sometimes the location of the sex factor varies within species, in which case sex determi-
nation operates as a multiple factor system. For example, the Australian Chironomus oppositus
species complex includes one form, whirei, which is apparently polymorphic for four different
sex factor locations, with up to three locations occurring in any one population.'®! Many other
examples are now available which support the idea that the sex-determining locus in
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FIGURE 12. Diagrammatic illustration of the mobility of the male-determining factor in blackflies (Simuliidae).
The diagram also shows the standard notation used by blackfly cytogeneticists for the six arms of the three
chromosome pairs (I, 11, and III) of the normal blackfly chromosome complement. Any of these six arms can function
as the sex chromosomes, due to transposition of the male-determining factor (M) between chromosomes. The location
of M could also be switched from one arm to the other of the same chromosome by a pericentric inversion; for
example, an inversion of the section bracketed by a dotted line on chromosome I (although paracentric inversions —
those not involving the centromere — are much more common in blackflies).

Chironomoidea — and in many of the higher Diptera discussed below — acts as, or is
associated with, a transposable element, and can thus be excised and moved to multiple
locations in the genome.?

The location of the male sex factor can sometimes be detected cytologically in polytene
chromosomes by minor differences in the banding pattern, or by sex-linked inversions.
Inversions arise when sections of the chromosome of varying length are excised and then
reinserted in the chromosome the “wrong way around”. Individuals heterozygous for an
inversion can be detected by examining the sequence of bands in the polytene chromosomes,
which is inverted in a section of one chromosome in comparison with its homologue. If an
inversion is close to or encompasses the sex factor locus, as seems to happen very frequently
in blackflies, then it will be partially or completely sex-linked.!”? The frequency of sex-linked
inversions also fits the idea of a transposable element being involved in sex determination,
because the breakpoints for inversions can also be the sites of excision or insertion of
transposable elements,'%

Rothfels'?? considered that the ancestral condition for Simuliidae and related groups was
a complete absence of differentiation of the chromosome carrying the male-determining factor
(the notation used for undifferentiated, homomorphic sex chromosomes by simuliid cytoge-
neticists is X,Y,). While this may well be true, it is also possible for the XY, condition to be
secondary; if, for example, a sex locus associated with an inversion is transposed out of the
inversion to a new genomic site, so that the inversion is no longer sex-linked.!%4195

In Chironomus tentans, males are normally heterozygous for a dominant male sex factor,
but one population was found that seemed to have female heterogamety; this was interpreted,
on the basis of crosses between populations, as due to a dominant female sex factor.!01%
Nothiger and Steinmann-Zwicky'! postulated that this situation might arise by a null mutation
of the key gene Sx/, accompanied by loss of the dominant male sex factor (M). It has also been
suggested, however, that a model involving a weakened male determiner could provide a
better explanation of the published results.!97:1%8

The remaining groups of Nematocera all have an achiasmate male meiosis, a feature that
links them cytogenetically with the higher Diptera. The sex chromosomes of Thaumaleidae
and Bibionoidea are usually small, do not form a bivalent, and show *distance pairing” in the
first meiotic division, as in tipulids.'’® The Mycetophilidae also have XY males, but the related
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families Sciaridae and Cecidomyidae have developed remarkably aberrant chromosome sys-
tems, with more chromosomes in the germ line than in the soma (reviewed in detail by
White®). Neither of these families have Y chromosomes, so that the genic balance between X
chromosomes and autosomal factors must be the basis for sex determination.

In Sciara, male somatic cells are XO, but the germ line is XX and, after passing through
a highly peculiar spermatogenesis, the sperm are homogametic and all carry two X chromo-
somes. Oocytes are normal, with a single X, so all zygotes have three X chromosomes, with
the potential to develop as either sex. Either one or two of the three X chromosomes are
eliminated from presumptive somatic cells at the seventh or eighth cleavage division, to
determine the soma of the embryo as either female (XX) or male (XO), respectively. (Germ-
line cells later lose one X chromosome, irrespective of the sex of the embryo, so that they are
XX in both sexes.) The sex of the offspring — i.e., whether one or two X chromosomes are
eliminated from somatic cells — depends entirely on the genetic constitution of the mother.
Certain species of Sciara are monogenous, i.e., they invariably have unisexual progenies, so
that there are two kinds of mother, male producing and female producing. The latter are
thought to be heterozygous for a dominant factor (F), presumably acting through the cyto-
plasm of the egg to cause the soma of the embryo to develop as female. The ratio of male- to
female-producing mothers in such species, and hence the resulting sex ratio, is approximately
1:1. Thus, sex is inherited genetically, but the inheritance is displaced back to the maternal
generation. The genetic mechanism could be a null mutation of the daughterless gene or its
equivalent, as discussed for Chrysomya below. Other species of Sciara have females that
normally produce progeny of both sexes, however, and sex determination in other genera of
Sciaridae has still hardly been studied, so it would be unwise to generalize. Haig'*” reviewed
the chromosome system of Sciara coprophila and developed a model for its evolution based
on sex ratio theory.

Cecidomyidae have even more aberrant chromosome systems, with numerous extra (“E”)
chromosomes in the germ line that are eliminated from somatic cells in early cleavage
divisions.® In most species studied, there are six chromosomes in male somatic cells and eight
in female somatic cells, so that the sex chromosome system is X, X,X,X,/X,X,0. This is the
case in the hessian fly, Mayetiola destructor,*®0' despite early reports of eight chromosomes
in the somatic cells of both sexes. As in Sciara, sex is determined by a maternal factor rather
than by male heterogamety. Males although X,X,0 are homogametic, producing only XX,
sperm, so that zygotes are all X,X,X,X,. In male embryos, two X chromosomes (one X, and
one X,) are eliminated from presumptive somatic cells at a separate, later cleavage division
than that at which the E chromosomes are eliminated; e.g., in Wachtliella persicariae, E
chromosomes are eliminated at the fourth cleavage division and X chromosomes at the
seventh.2?

As in Sciaridae, many cecidomyids have unisexual progenies,’2% but others have the
same mothers producing both male and female progeny, and the system by which sex is
controlled is unclear. Heteropeza pygmaea is best studied in this respect, but Heteropezinae
differ from other cecidomyids in that the male somatic cells appear to be haploid, with five
chromosomes, whereas female somatic cells have ten chromosomes. However, this only
applies when the progeny are produced pedogenetically; in H. pygmaea, females reproducing
as adults lay only female-determined eggs, but these have five chromosomes as in
pedogenetically produced male eggs.?* Sex determination therefore cannot be based on
haplodiploidy, and does not seem to have a genetic basis at all. Went and Camenzind?®
cultured larval ovaries of H. pygmaea in vitro, using as culture medium the hemolymph of
larvae that had been previously kept in different nutritional environments, and were able to
show that the sex of the progeny was dependent on the nutritional conditions experienced by
the mother during development.

The more primitive groups of Brachycera have received very little attention from cytoge-
neticists. In the Tabanoidea, Rhagionidae and Stratiomyidae have XY males where these have
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been studied, % whereas in Asiloidea, the asilid Dasyllis (=Laphria) grossa is reported to have
an XX/XO system.2” In the more advanced groups of Brachycera (=Cyclorrhapha), there has
been detailed work on sex determination mechanisms of representatives of five families:
Phoridae (Megaselia scalaris), Muscidae (Musca domestica), Calliphoridae (Chrysomya
rufifacies, Lucilia cuprina), Tephritidae (Ceratitis capitata), and, of course, Drosophilidae (D.
melanogaster, D. miranda). These five families span four superfamilies of Cyclorrhapha, so
may be fairly representative of the range of mechanisms in the higher Diptera as a whole.

In the phorid fly M. scalaris, X and Y chromosomes are not morphologically differentiated,
and the male-determining factor (M) is capable of being located on any of the three chromo-
some pairs,? much as in chironomids. In laboratory strains the chromosome (Y) carrying the
M factor could be distinguished from its homologue (X) using a combination of cytogenetic
and molecular techniques.?® The segment of the Y chromosome carrying M was found to be
conserved in comparison with the homologous region of X, when two unrelated strains were
compared. Nevertheless, when the two strains were crossed, four cases were found where the
M factor had moved to a different chromosome. The frequency of this change was about
0.06%, which is comparable with known rates of movement of transposable elements in other
organisms.?!'® The conservation of the M-containing chromosomal region observed in pure
strains perhaps indicates that a specific location is favored under certain circumstances, and
this could be the first step in the differentiation of new heteromorphic sex chromosomes.

The housefly M. domestica provides some particularly interesting examples of evolution
of sex-determining systems in progress. It was fully reviewed by Bull,' but since then there
have been further interesting developments. Earlier European work established that sex
determination in houseflies was XX/XY, with heteromorphic sex chromosomes and a presum-
ably dominant male sex factor on the Y. Apart from the Y-borne sex factor, X and Y
chromosomes seem to have few or no functional coding regions and are heterochromatic. In
strains of non-European origin, however, various sex factors have been found on the auto-
somes, especially a male determiner (M) near the centromere on autosome 3, and a female
determiner (F) on autosome 4 which is epistatic to (i.e., overrides) any number of male-
determining factors.2!! In continental Europe, samples from Denmark to Sicily taken in 1975~
1981 showed a latitudinal cline: north European populations were all XX/XY, whereas in
south and central Italy all populations were XX/XX with sex determined autosomally, the X
being totally neutral with regard to sex determination. In southern France, Yugoslavia, and
northern Italy, intermediate, mixed populations occurred with all combinations of X and Y in
either sex.'2 A very similar north-south cline was found in Japan.?* The changes in sex
determination mechanisms in both southern Europe and Japan are believed to be recent.
Various models (e.g., Jayakar?'%) have been advanced to explain this phenomenon; possibly
climatic influences are involved, or perhaps the driving force is selective insecticide pressure,
as there is now good evidence that pyrethroid/DDT resistance (the “knockdown factor,” Kdr)
is genetically linked with the male-determining locus on autosome 3.2 However, recent
changes have also occurred in the sex-determination system of housefly populations in
southeast England, involving an apparent increase in frequency of a male factor on the X
chromosome,2!62!7 and there is no evidence that loci associated with insecticide resistance (or,
in fact, any other functional genes) occur on the housefly X chromosome. Or has the
resistance-conferring gene also been transposed to the X from autosome 3, along with the male
sex factor? This seems quite possible, since a laboratory housefly strain in Australia was
shown to have DDT resistance linked to a male sex factor, but in this case on autosome 2.218

Few other Muscidae have been studied cytogenetically. Recent work on Hydrotaea
meriodionalis indicates a similar story to M. domestica, with a dominant autosomal male
determiner in some populations and others with XY males.?’® In the closely related
Anthomyiidae, the cabbage root fly, Delia radica (=Hylemyia brassicae), is now known to
have a male-determining factor on an autosome (chromosome 6), whereas D. antiqua has a
small heteromorphic X and Y.
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Sex determination in houseflies, with male determiners at yarious locations in the genome,
and the presence of a dominant female determiner in some populations, seems a very different
mechanism to the Drosophila system, based on an X:A ratio, but there are ways of deriving
one from the other fairly simply. Néthiger and Steinmann-Zwicky'! suggested, for example,
that the dominant female determiner (F) could be a mutation of the key gene Sx/ to an
irrepressible condition, so that it cannot be turned off by M. A similar conclusion was reached
by Inoue and Hiroyishi;?! their model for housefly sex determination incorporates the
discovery of a mutation tra, closely linked with F on autosome 4; when this is present in the
mother, it causes progeny to develop as males even in the absence of any M factors.

In fact, a genic balance/recessive-X system does operate in another muscid, the tsetse fly
G. palpalis, which also resembles Drosophila in that the Y chromosome carries some loci that
are necessary for sperm viability, but is not involved in sex determination.'®

Blowflies (Calliphoridae) generally have small, heteromorphic, and mainly heterochro-
matic, sex chromosomes. The Y chromosome in L. cuprina carries a dominant male sex factor,
located near its centromere.?2222 In Calliphora erythrocephala, however, the small hetero-
chromatic pair are no longer sex chromosomes, and the male-determining locus is on one of
the other chromosomes, where it is recognizable as a small heterozygosity of the chromomere
pattern of the polytene chromosome.?* And in the monogenic blowfly C. rufifacies, sex is
controlled by a dominant female determining factor (F”) in the mother, Ff mothers producing
only daughters and ff mothers producing only sons, which are therefore also of ff genotype.
Ullerich,?? in some elegant experimental work, transplanted pole cells (primordial germ cells)
between female embryos of F7¥ and ff genotypes. The resultant mothers were germ-line
mosaics for F¥ and ff, and both the donor and recipient genotypes were expressed, resulting
in a mixture of male and female progeny. Thus, the F”gene product is synthesized by the germ-
line cells themselves, rather than by maternal somatic cells. Ullerich also did pole cell
transplantations between male and female embryos. These resulted in germ-line mosaics that
were completely fertile and heterosexual; the donor cells underwent sex reversal and devel-
oped as male or female according to their mother’s genotype and irrespective of their own
genotype. Thus, a genotypically male germ cell can develop as a functional cocyte in a female
host, a genotypically female germ cell can develop as a functional sperm in a male host, and
sex is determined solely by regulatory factors provided by maternal somatic cells.

Nothiger and Steinmann-Zwicky'' postulated that F”in Chrysomya is similar or identical
to the daughterless gene (da) of Drosophila, which is necessary in the mother in order for the
key gene Sx! to be active (Figure 6). If f is the null (mutant) allele da-, then in homozygous
condition it will render Sx! of embryonic germ cells inactive, so that all progeny will be sons.
DNA sequence homology has now been demonstrated between the da gene of Drosophila and
a polytene band on the Chrysomya chromosome that carries the F”locus,**® strongly support-
ing this hypothesis.

Tephritidae mostly have heteromorphic sex chromosomes (XX/XY), and in several cases
a dominant-Y system has been demonstrated, e.g., in the medfly C. capitata.?’ X,X,Y males
occur in some species,*?® Indian species in four genera of Trypetinae apparently have
homomorphic sex chromosomes,?® and female heterogamety (XY/XX) has been demon-
strated in some Australian species.? In C. capitata, the sex chromosomes are almost entirely
heterochromatic, and the Y chromosome can suffer large deletions without any obvious ill
effect; the male-determining factor is located on its long arm close to the centromere.?*” Some
repetitive DNA sequences that are specific to or concentrated in the Y chromosome of C.
capitata were recently isolated.!

The sex determination mechanism of D. melanogaster was discussed earlier in this chapter,
and there are numerous recent reviews 326232236 Ag regards Drosophila other than D.
melanogaster, the most interesting developments have been with D. miranda, a species in the
obscura group which has an X,X,Y system, the X, and the Y being recently derived (i.e., a
neo-X and neo-Y) by translocation to the original Y chromosome of one member of the third
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autosome pair found in the closest relatives (D. pseudobscura, D. persimilis), leaving its
homologue as a neo-X. Chromosome 3 of D. pseudobscura/persimilis is also homologous to
the right arm of chromosome 2 of D. melanogaster. Thus, a very comprehensively mapped
chromosome segment has quite recently become a neo-Y, providing considerable scope for
study of the degenerative changes that follow from its permanent heterozygosity, and the
consequent accumulation of nonfunctional alleles. Comparisons of the neo-Y and its recently
homologous neo-X have particularly shown that the neo-Y has acquired inserted DNA
sequences that are not present in the neo-X, and appear to represent a novel transposable
element that may be involved in the degenerative process.?’-*

IV. EVOLUTION OF SEX CHROMOSOMES AND SEX
DETERMINATION IN INSECTS

It has taken quite a lot of words to provide an outline review of the many and various
methods by which sex determination is achieved in the different orders of insects. It is clearly
important to distinguish between the sex chromosome systems, which display to the cytoge-
neticist a remarkable diversity in their form, behavior, and extent of evolutionary change
within and between groups, and the underlying molecular mechanisms, which may perhaps
show less variation. However, for most insect groups, the molecular genetics of the sex-
determining process is still merely a matter of speculation or extrapolation from the paradigm
of Drosophila.

Much of the discussion on sex chromosome evolution has centered on the Y chromosome.
The ideas about the progressive evolutionary degeneration of the Y chromosome discussed
earlier in this chapter were developed primarily with regard to vertebrate systems, particularly
mammals where the Y chromosome bears a dominant male-determining locus.!9-240.241 The
various models that have been proposed?*! all assume a primitive condition where the sex
chromosomes are undifferentiated, homologous, and in fact essentially autosomal except at
the sex-determining locus, but in time become progressively differentiated as the Y acquires
noncoding DNA and the X acquires a system of dosage compensation.'* Bull'® reviewed the
evidence for progressive sex chromosome differentiation in other groups including insects,
and concluded that it could be applied more generally. Nothiger and Steinmann-Zwicky'!
postulated that the various genetic mechanisms for sex determination in higher Diptera arose
by mutations from a primitive state with undifferentiated sex chromosomes and a dominant
male determiner, as in some mosquitoes.

However, when insects are looked at as a group, certain qualifications to the model of
progressive sex chromosome differentiation and Y degeneration are necessary. First, a model
that is applicable to the genic balance systems that seem to predominate in insects has not yet
been developed.'* Second, the XX/XO system predominates in the lower insect orders, and
must be the ancestral condition for several major groups, if not for the class Insecta as a whole.
Thus, for many insects with XX/XY, if not the majority, the XY condition has arisen by a
major chromosomal rearrangement, rather than by a progressive, gradual change from a
primitively undifferentiated state. The subsequent evolution of the neo-Y and the homologous
region of the neo-X may be comparable in many ways to the process of mammalian sex
chromosome differentiation, but the presence from the start of a fully differentiated X
chromosome, coupled with the lack of sex determiners on the Y, must have consequences that
need to be fully addressed. It would be instructive to compare the molecular changes in the
recently acquired neo-XY system of Drosophila miranda with the changes following a recent
acquisition of “autosomal” sex determination due to the transposition of a male determiner
(M) to a new location, e.g., in certain mosquito species or, very recently, in certain populations
of M. domestica.

Third; although there are examples of loss of homology between a neo-Y and a neo-X, and
evidence of accumulation of nonfunctional alleles and repetitive DNA on the Y chromosome,
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there is a lack of information about the circumstances which determine whether a neo-XY
becomes an evolutionarily stable XY system, or proceeds inevitably towards complete degen-
eration and eventual loss of the Y chromosome. In the cytologically well-studied Orthoptera,
which show much evolutionary change in the sex chromosomes including numerous examples
of de novo acquisition of XY systems, there are no clear cases where the Y chromosome has
been secondarily lost. It seems that a stable condition may sometimes be reached, where it is
advantageous to have sex-linked genes retained on the Y chromosome. In Coleoptera, Xy,
systems with a “degenerate Y” are very ancient and show great evolutionary stability. In
Heteroptera, secondary loss of Y chromosomes seems to have occurred many times in the
course of evolution at the family level, but not between closely related species, indicating that
it does not happen fast or frequently.

This leads to the fifth and final point of qualification, which was discussed by Feraday et
al.!s specifically with respect to the evolution of the sex chromosomes of Simuliidae. There
has been a tendency to regard sex chromosome differentiation as an inevitable sequence of
events, under the influence of mutation and random drift, rather than as an adaptive process.
In Simuliidae, any of the three chromosome pairs can be heterozygous for the male-determin-
ing sex factor. Usually the only cytological differentiation between the “X” and the “Y™ is in
the form of inversions, which may be sex-linked but do not form part of any progressive
evolutionary sequence of sex chromosome differentiation.'®> White® pointed out that if certain
autosomal alleles are polymorphic and exert different selective pressures in the two sexes, then
it is advantageous to have them linked to the sex chromosomes. In Orthoptera this may be
accomplished by centric fusions between sex chromosomes and autosomes to give neo-XY
systems.?*? In those Diptera which have single locus, dominant male sex factors, the linkage
may be more easily obtained by transposing the sex locus to another position in the genome.
Selective advantage is thus important in establishing a new sex chromosome system, and
presumably continues to influence the nature and extent of any subsequent differentiation of
the X and Y chromosomes.
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