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Abstract. In Gryllotalpa fossor (Orthoptera) (23, X0 male; 24, XX female) we have
established the existence of random X chromosome inactivation for dosage compensation
of X-linked genes. Both cytogenetical (DNA replication and transcription) and biochemical
(X-linked glucose-6-phosphate dehydrogenase) studies have indicated that one of the two
X chromosomes in the female soma (hepatic caeca) is late replicating and transcriptionally
silent leaving the other X chromosome to remain active as in males thereby ensuring the
production of almost the same amount of X-linked glucose-6-phosphate dehydrogenase in
both sexes. Even in oogonia, one of the two X chromosomes continues to retain inactive.
Only prior to their entry into meiosis the inactive X chromosome is reactivated.
Accordingly, there is two-fold increase m the level of X-linked glucose-6-phosphate
dehydrogenase in oocytes, From this it is implied that the restoration of X chromosome
inactivation should occur some time during early embryogenesis. Thus, dosage compensation in Gryllotalpa seems to be analogous to that in mammals. Our work bears testimony
to the ancient origin of this mechanism.
Keywords. Dosage compensation; X chromosome inactivation; insect sex chromosomes.

1. Introduction
Dosage compensation results in a functional equalization, at the level of the
phenotype, of the dosage difference in sex-linked genes. Its existence was initially
recognized in Drosophila by Stern (1929) and Muller (1910). The significance of
dosage compensation in mammals was realized only after the discovery of sex
chromatin (or Barr body) in female somatic cells (Barr and Bertram 1949) and its
unequivocal identification as the heteropycnotic X chromosome (Ohno et al
1959). Subsequently, Lyon (1961) suggested a basis for dosage compensation by
correlating sex chromatin with the X chromosome that is inactivated. Dosage
compensation is intimately associated with chromosomal sex determination. As
White (1973, p 582) has said: "···dosage compensation system should have been
built up by natural selection, in groups where the phenotypes of the two sexes are
basically similar, evolving pari passu with the sex determining mechanism itself".
Implicit in this is that sex determination and dosage compensation are probably
Abbreviations used: 5-BrdU, 5-Bromodeoxyuridine; AO, acridine orange; [3H]UdR, tritiated uridine;
G6PD, glucose-6-phosphate dehydrogenase; 5-mC, methyl cytosine; ActD, actinomycin D.
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two facets of the same regulatory process. It has been suggested that dosage
compensation mechanisms have evolved by a modification of the meiotic X
chromosome inactivation which occurs during spermatogenesis (Lifschytz and
Lindsley 1972). Once established, the same mechanism could be adjusted to operate
in somatic cells, modulating the activity of X chromosomes. Interestingly, this
modulation has taken two entirely different forms in Drosophila and mammals. In
Drosophila, the transcriptional activity of the single X chromosome in the male is
increased and brought up to the level of the two Xs in the female (Lucchesi 1973;
Mukherjee 1990). Mammals on the other hand have taken recourse to inactivating,
meaning transcriptionally silencing, one of the two X chromosomes in the female,
leaving the other X transcriptionally active. Even in multiple X conditions (such as
XXX, XXY, XXXY and XXXXY) in man, only a single X chromosome remains
active. The result is that in both sexes most X-linked genes are expressed in a
hemizygous state in somatic cells; a minority of genes escape inactivation (Davies
1991). The "single active X" hypothesis, originally proposed by Lyon (1961), states
that in every somatic cell in a female either the paternal or the maternal X
chromosome becomes inactivated in early embryonic life in a random manner; once
inactivation is established, the progeny of that cell maintain the same Xchromosome inactive. In other words the state of activation or inactivation is
transmitted clonally. This results in two populations of cells in the female, one with
the maternally derived X functional and the other with the paternal X functional.
Thus populations of mammalian female somatic cells heterozygous for a cellautonomous X-linked trait, or cultured cells from a heterozygote, are mosaics of
two cell populations expressing one or the other allele but never both. Because of
dosage compensation the cellular levels of X-linked gene products are the same in
both sexes. X chromosome inactivation in mammals represents an intriguing class
of gene regulation, involving as it does the entire X chromosome. It has been
claimed that dosage compensation by X chromosome inactivation is "an entirely
mammalian innovation" (Graves 1987) and is thought to represent a "frozen"
accident (Ohno 1974; Chandra 1979). Contrary to this assertion, a mammalian
mode of dosage compensation has been discovered in our laboratory in an insect,
Gryllotalpa fossor (Rao and Arora 1978, 1979; Arora and Rao 1979, 1980;
Bhattacharya et al 1983; Rao and Bhattacharya 1984).

2.

Genome of Gryllotalpa

The diploid chromosome number of G. fossor is 23, XO in the male and 24, XX in
the female. The karyotype comprises nine pairs of metacentric and three pairs of
sub-metacentric chromosomes (figure 1). The X chromosome is the largest
metacentric (mean arm ratio of 1·01) and represents about 18% of the haploid
complement. One arm of the X chromosome in the male differentially decondenses
(figure 2) when subjected to cold treatment (Darlington and La Cour 1938) and
fluoresces brightly after staining with dyes such as Hoechst and quinacrine
mustard, suggesting that it is constitutively heterochromatic (figure 3). The same
situation obtains in females.
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Figure 1. Female metaphase plate of G. fossor (synonym—G· africana). Note the two large
metacentric X chromosomes. Males have only one X (not shown). Arrows indicate the
largest autosome pair which is unequal in this animal.

3.

Functional status of X chromosome in somatic cells (hepatic caeca) vis-à-vis
dosage compensation

The Gryllotalpa X chromosome satisfies most of the attributes believed to be
characteristic of X inactivation (figure 4).
3.1 DNA replication asynchrony
Out-of-phase DNA replication of the X chromosome in relation to its homologue
and to autosomes is a key feature in the X chromosome inactivation process
(Gartler and Andina 1976). Presuming that the X chromosome is composed of euand heterochromatic arms, metaphases recovered from late S showed only the
euchromatic arm of one X chromosome in both the male and the female unlabelled,
suggesting that it was early replicating. In the female, the 'facultative' arm
(homologous to the euchromatic arm of the male) of the other X was labelled
(figure 5). The constitutively heterochromatic arms of both Xs are heavily labelled
(Arora and Rao 1979). Essentially the same pattern emerged from studies of 5bromodeoxyuridine (5-BrdU)/acridine orange (AO) fluorescence (Dutrillaux 1976;
Mikkelsen 1976) and 5-BrdU induced alterations (elongation and segmentation;
Zakharov and Egolina 1972) during late S (figure 6). In the male one arm fluoresced
brightly with 5-BrdU/AO and was not altered by 5-BrdU treatment, indicating that
it was euchromatic and active; the other arm exhibited dull fluorescence and was
altered by 5-BrdU treatment, indicating that it was heterochromatic and inactive.
In females, one arm of one X chromosome was brightly fluorescing (euchromatic,
active) as in males; the other arm of this X and the second entire X chromosome
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Figure 2. Effect of cold treatment on heterochromtin (H) present in the X chromosome
and the largest autosome pair (arrowhead). Compared to the control (a) the treated (b)
chromosomes are affected. The line points to the centromere region of the X. Both the
photographs are of same magnification (from Arora 1978).

fluoresced dully and were altered by 5-BrdU (heterochromatic, inactive) (Rao and
Arora 1978; Bhattacharya et al 1983). Asynchrony in DNA synthesis between the
two homologous X chromosomes in the females suggests facultative heterochromatinization of one of die two.
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Figure 3. Male (a) and female (b) metaphases showing bright fluorescence with Hoechst
fluorochrome (arrow) of one arm of the X chromosome and the long arm of the largest
autosome pair (1) which is indicative of their heterochromatic nature· A few small
autosomes are also heterochromatic in nature (frum Arora 1978).

3.2 Transcriptional status
Transcriptional activity was estimated indirectly by tritiated uridine ([3H] UdR)induced aberrations, which were largely of the chromatid type, and a few of the
isochromatid type (Klevecz and Hsu 1964; Donald and Cooper 1977). The
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Figure 4. Characteristic features of Gryllotalpa X chromosomes as evidenced by various
cytogenetical and biochemical parameters—see text. The references in the order of the
parameters are: Cytogenetic: Rao and Arora (1978, 1979); Arora and Rao (1979); Sarkar
(1987); Schmid (1967); Bhattacharya et al (1983); Biochemical: Rao and Bhattacharya
(1984); Padmaja (1988). Ali these parameters unequivocally establish the X-chromosome
inactivation mechanism in Gryllotalpa.

observations, made on metaphase chromosomes (Rao and Arora 1979), included an
actinomycin D (ActD) control (table 1).
The aberrations detected on the X chromosomes are informative in two respects,
In the male, there was, on an average, one aberration per X chromosome which was
confined exclusively to one arm of the X chromosome. We infer that the other arm,
the one that is resistant to [3H]UdR treatment, is the constitutively heterochromatic arm. In both males and females, only one arm of one X was transcriptionally
active (figure 7). Admittedly, there were differences in the frequency of aberrations
on the X chromosomes exposed to [3H]UdR at different stages of the cell cycle, but
at any given period, the mean frequency of aberrations on the X chromosomes was
more or less the same in both sexes (figure 8). The unaffected homologous X
chromosome arm is interpreted as being facultatively heterochromatinized and
transcriptionally inactive. The single active X in males is as susceptible to breakage
as the active X (one of the two Xs) in females. These results suggest that
transcriptional equivalence, meaning dosage compensation, is achieved in
Gryllotalpa by repression of transcription of genes on the inactive X chromosome
via facultative heterochromatinization of the X chromosome in females.
The fact that the X chromosome of G. fossor is composed of both euchromatic
and heterochromatic portions, and that the heterochromatin is of both constitutive
and facultative types, indicates that the X chromosome of Gryllotalpa is unique
among insects.
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Figure 5.
Late DNA replication in the X chromosome of female (a) and male (b)
Gryllotalpa. Irrespective of the number of X chromosomes, only one arm of one X
chromosome (arrow) is early replicating (e) in both sexes. The heterochromatic (c) arms (X
and largest autosome pair) are always late replicating. The broken arrow of the X
represents facultatively heterochromatinized (f) arm, also late replicating (from Arora and
Rao 1979).

3.3 X-linkage of glucose-6-BhosBhate dehydrogenase. and dosage compensation
Attempts were made to look for X-linked gene markers known to show variation in
their electrophoretic mobility. A commonly used marker is the enzyme glucose-6phosphate dehydrogenase (G6PD) which is X-linked and is known to show
variation in a number of mammals including man (Ohno 1967), Drosophila
(Diptera; Young et al 1964) and Tribolium (Coleoptera; Dawson and Hollingsworth
1982). It was reasonable to suppose that even in Gryllotalpa the G6PD locus might
be X-linked and show polymorphism.
For this purpose single individuals from the population were screened.
Presuming that there are two variants (fast and slow) for this allele, according to the
X chromosome linkage model, males should show a single electrophoretic band
(fast or slow), whereas the female would show either fast or slow bands (if
homozygous) or both (if heterozygous). The point is that if no cell has both G6PD
loci active, no intermediate band should be seen. Our results corroborated the
above expectations (figure 9, table 3). An analysis of 268 individuals from the Delhi
population indicated that out of 111 males, 78 showed a fast band and 33 showed a
slow band. None of the males showed both bands. Of 117 females analysed, 73
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Figure 6. BrdU-labelling of X chromosomes. Except one arm of the X chromosome
which is euchromatic (e), the rest, in both males and females, are affected i.e., segmentation
and decondensation (a,b). Similarly in the BrdU/AO fluorescence except the euchromatic
arm which is brightly fluorescing in both male and female (c,d), the rest are dully
fluorescing which is in concordance with the late DNA replication profile (from Rao and
Arora 1978; Bhattacharya et al 1983)·

Table 1. ActD effects on the incidence of [3H] UdR-induced aberrations (14 h sample) in the
hepatic caeca cells of female Gryllotalpa (Arora and Rao 1980).

Numbers in parentheses denote the number of cells. Test statistics for equality of proportions for
autosomal and X chromosomal aberrations are +6·3962163 and +5·224208, respectively. The
hypothesis that the behaviour is alike in the two protocols is rejected at the 0·00001% (for
autosomes) and 0·0001% (for X chromosome) levels of significance. Thus, the evidence that
3
[ H] UdR-induced aberrations are indeed due to transcriptional activity is proved beyond
reasonable doubt.
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Figure 7. Transcription status of the X chromosome in Gryllotalpa as evidenced from
[3H]UdR-induced aberrations. Note only the euchromatic (e) arm of the X chromosome is
transcriptionally active in both male (a) and female (b) (from Rao and Arora 1979).

showed a fast band (homozygous), 11 showed a slow band (homozygous) and 33
showed both fast and slow bands (heterozygous). Our results show that in these
heterozygotes there are two different populations of cells, coding for fast and,slow
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Figure 9 G6PD phenotypes of single male and female Gryllotalpa. In accordance with
the X-linkage model, males (♂) show only one phenotype (hemizygous fast (f) or slow (s))
whereas females (♀), besides exhibiting homozygous fast or slow bands, also show both fast
and slow bands (heterozygous). Presence of both fast and slow G6PD bands in the
heterozygous female is a clear indication of random X chromosome inactivation in the
somatic cells. The dotted line indicates the marker dye. Arrow denotes the direction of
migration of bands. Polyacrylamide disc gel electrophoresis carried out at 4°C for about
150–180 min at the rate of 3 mA/tube using tank buffer Tris-glycine pH 8·3-8·5 (from Rao
and Bhattacharya 1984).

phenotypes respectively. A heterozygous expression of this nature could only be due
to random inactivation of one of the two X chromosomes in females. The effective
dosage of X-linked G6PD in both sexes is in consequence the same (figure 12)
(Padmaja 1988).
4. Functional status of X chromosomes in germ cells
4.1

Female germ cells

In oogonia the X chromosomes exhibit features which reflect their functional status.
For example, when oogonial cells are exposed to 5-BrdU or [ 3H]UdR treatment,
the X chromosome(s) in some of the oogonial cells resemble those of similarly
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treated somatic cells (figure 10), with one of the two X chromosomes inactive and the
other active. In other oogonia both Xs seem to be active (as evidenced by
[3H]UdR-induced aberrations), implying that the switch from inactivation to
reactivation must have occurred in them. Since it is not possible to differentiate
between the primary and secondary oogonia, one can only surmise the time of this
switchover. On analogy with mammals, it could be that this reactivation has
occurred in those secondary oogonia which are about to enter meiosis, i.e. to
become oocytes. This idea is borne out by the fact that in early meiotic prophase
there is no heteropycnotic or condensed chromosome. As these oocytes progress to
pachytene and diplotene, whenever the homologous X chromosome are
discernible, it is seen that like autosomes, the paired euchromatic arms appear more
distained and less intensely stained than the comparatively condensed, darkly
stained heterochromatic arms. This suggests that the heterochromatic arms are
inactive in oogenesis (compare spermatogenesis, below). Differentiation becomes
more obvious as they proceed to diakinesis and metaphase I (figure 11). A
distinction between the euchromatic and heterochromatic arms can be noted even in
metaphase II, the euchromatic arm appearing slightly longer than the highly
condensed heterochromatic arm.

Figure 10. Functional status of the X chromosomes in the oogonial cels (5–BrdU
labelling). of the two Xs, only one of them (X1) shows one arm darkly stained (arrow) which
is indicative of early replicating, whereas the other arm of X and the other entire X2 is
lightly stained i.e late replicating. This labeling profile suggests that in the early oogonia
one of the two Xs is inactive as in somatic cells (from Padmaja 1988),

Thus it appears that in female germ cells dosage compensation is manifested as
inactivation followed by reactivation. Until the onset of meiosis primary oogonia
display regular X inactivation like somatic cells of the same individual. Then
reactivation of inactive X chromosome takes place and both Xs are active in
mature female germ cells. In such a situation, as expected, the level of X-linked
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Figure 11. Meiotic prophase stages of female germ cells (oocytes) of Gryllotalpa. In
leptotene (a) all the chromosomes are uniformly stained without any condensed
chromosomes. This implies that, in comparison to oogonial cells (see figure 10), the
inactive X chromosome is virtually decondensed (i.e. reactivation) in oocytes. As the oocyte
proceeds to pachytene (b) the paired homologous X chromosomes show clear distinction
between the heterochromatic darkly stained (h) and euchromatic (e) arms, which gradually
becomes pronounced in diplotene (c) and diakinesis (d). Such oocytes are expected to show
dose effect for X-linked G6PD (see figure 12) (from Padmaja 1988).

G6PD is twice that obtained in the somatic cells (figure 12) (Padmaja 1988). From
this it follows that the restoration of X chromosome inactivation in the soma
should occur some time during early embryogenesis. This issue is being examined.
4.2 Male germ cells
Spermatogenesis in Gryllotalpa follows the conventional pattern (Hannah-Alava
1961). The spermatogonia are composed of more than one cell type, with different
generation times (Ghosh et al 1987). Unlike in other orthoptera (White 1973; Ali
and Rao 1982), the X chromosome in spermatogonia of Gryllotalpa is always
isopycnotic. In diploid spermatogonia the DNA replication pattern follows the
same pattern as in male somatic cells, whereas in tetraploid spermatogonia
(4AA + 2X) the replication pattern is identical to that observed in the female
somatic cells, with one X active and one inactive (figure 13). Similar results were
obtained from studies using [3H]UdR to measure transcription of the X
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Figure 12. Evidence for dosage compensation m somatic cells and dose effect in female
germ cells (oocytes) in Gryllotalpa for the X-linked G6PD. The number of animals used in
these experiments is indicated above the bars. Shown on the., left side are the mean values
from 40 individuals each from both sexes· On the right side are the mean values from 20
female individuals for ovaries and somatic tissues obtained from the same individuals.
Note the relative G6PD level in the ovaries are almost twice as compared to the rest of the
body cells (from Pad0maja 1988).

chromosome (table 2). This suggests that irrespective of the cell type—somatic
(female) or germinal (testis)—, X chromosomes in excess of one are heterochromatinized, whatever the number of autosomes (Arora and Rao 1980;
Bhattacharya et al 1983).
One arm of the metacentric X chromosome in spermatocytes is highly condensed
and the other arm decondensed. The condensed arm of the X represents the
euchromatic portion which is temporarily condensed and heteropycnotic during
male meiosis. This identification follows from the fact that in all male-heterogametic
organisms the X chromosome in male germ cells is facultatively heterochromatinized
(Lifschytz and Lindsley 1972). On the other hand, the other arm which is
constitutively heterochromatic in somatic cells in both males and females and in
female germ cells, shows evidence for decondensation only in male germ cells (figure
14) and appears to be involved in transcription (Raman and Rao 1975a, b). This
differential manifestation of the two arms of the same X chromosome in somatic
and germ lines is interesting; probably there is a reciprocal control or influence over
the condensation cycles. It appears as though in the same X chromosome of
Gryllotalpa there exists a mechanism for condensation and decondensation similar
to that seen in the Y (male heterogamety) and W (female heterogamety)
chromosomes. In other words, functional reactivation and decondensation, to quote
Jones (1984), "... occurs only during restricted developmental periods, whereas one
X chromosome remains active throughout the life cycle". This unique observation
pertaining to the X chromosome in G. fossor raises certain important questions. As
far as we are aware this is the only organism with an XO/XX sex chromosome
mechanism in which the constitutively heterochromatic arm of the X chromosome
decondenses and shows evidence for transcription in male meiotic prophase —a
phenomenon displayed by the Y chromosome in XY males. If so, can we consider

Dosage compensation in Gryllotalpa fossor

267

Figure 13. X chromosome status in male germ cells (spermatogonia). In the tetraploid
spermatogonia with two X chromosomes (a) only one arm of one XI is active (bright
fluorescence) as in the female somatic cells (5-BrdU/AO fluorescence) whereas in the
diploid spermatogonia (b) as expected only one arm of one X is active (early replicating (e),
the other arm of the X and the long arm of the largest autosome pair (1) are inactive (late
replicating). ([3H]TdR autoradiography) (from Arora 1978; Bhattacharya et al 1983).

that this arm is analogous to the Y chromosome of XY males and has in essence
taken over the function of a putative Y chromosome (see above) in the male germ
line?
In Drosophila, it is known that the Y chromosome is heterochromatic (inactive) in
somatic cells and metabolically active in primary spermatocytes. Though
transcribed, Y-specific DNA sequences do not code for any proteins; instead they
function in binding chromosomal proteins (Henning et al 1989). It would be
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Table 2. Comparison of X chromosome aberrations induced by [3H]UdR between
diploid somatic (Rao and Arora 1979) and tetraploid spermatogonial Cells (13–14h)
samples (Arora and Rao 1980)·

*Only one arm of one X chromosome shows aberrations in both diploid somatic
and tetraploid spermatogonial cells implying that the activity status of the X bears
no relation to the number of autosomes.

Table 3. Phenotype frequencies of G6PD*.

χ2=29·996; Pdf2=0·05; highly significant. Numbers in parentheses
indicate sample size.
*There are two isozymic forms of G6PD in G. fossor—a fast
anodic form and a slow anodic form. The hemizygous expression
of either fast or slow phenotype in males and the presence of
either fast or slow (homozygous) or both fast and slow
(heterozygous) forms in females suggests X-linkage of this locus
(figure 9). Statistical analysis (2×3 contingency test and
simultaneous equations obtained by standard likelihood procedure) confirmed unequivocally the X-linkage of this locus (from
Padmaja 1988).

interesting to know whether this specific decondensed heterochromatic arm of the X
chromosome in Gryllotalpa transcribes any product and, if so, what the nature of
the product is.
Since, X chromosome inactivation and sex determination are intimately related
(Chandra 1985), it is appropriate to consider the Gryllotalpa situation in the context
of sex determination. Recently, in a search of male sex determining genes, Singh and
co-workers (personal communication) have obtained a highly conserved gene
sequence derived from a human testis cDNA library (cDNA clone Pϕ 2). This
sequence is conserved in both sexes and is expressed only in the testis irrespective of
heterogamety. It would be of great interest if this highly conserved gene also maps
on the X chromosome and expresses in the Gryllotalpa testis. If so, it may provide
clues to the vexed question of sex determination in organisms with an XO/XX
chromosome constitution in general. Work in this direction is in progress.
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Figure 14. Behaviour of the X chromosome during spermatogenesis. In the early meiotic
prophase (a) when the autosomes are highly distended, the two arms of the X show
differential fluorescence. The brightly fluorescing arm is facultatively heterochromatinized
(f) while the constitutively heterochromatic arm (c) is decondensed. This differential
fluorescence state of the two arms of the X chromosome continues up to pachytene/early
diplotene (b). In late diplotene (c) and diakinesis/metaphase I (d), because of condensation
of the entire X chromosome (bright fluorescence), the differential fluorescence between the
two arms is lost (Hoechst fluorescence) (from Arora 1978).

5.

Probable mechanisms of X chromosome inactivation in Gryllotalpa

Since the mode of dosage compensation in Gryllotalpa parallels that in mammals, it
is reasonable to assume that the molecular mechanism of X chromosome
inactivation in Gryllotalpa is analogous to the mammalian scheme. Because a
majority of higher eukaryotes possess DNA containing a post-synthetic modified
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base, methylated cytosine (5mC) (Razin and Riggs 1980; Cooper 1983), models for
X inactivation assume a role for methylation of X chromosome DNA sequences or
the heterochromatinization of large domains of X-linked genes (Gartler and Riggs
1983). We have noted in Gryllotalpa DNA (Sarkar et al 1992) an appreciable
amount of 5mC, about 0·6-0.8 mol per cent, constituting approximately 3% of total
cytosine. lt may be that DNA modification by methylation plays a role in
inactivation of X-linked genes in Gryllotalpa also.

6, Some evolutionary considerations
With the passage of time we have now realized that a fairly large number of
organisms manifest dosage compensation of sex-linked genes (table 4). If the
separation of sexes is generally advantageous to the process of speciation (Alston
1967), and if heteromorphic chromosome pairs ensure dimorphism by effectively
isolating a "differential segment" of the chromosome (Ohno 1967), it is
understandable that diverse organisms would show an array of cytological sex
determining Mechanisms. Differences in the number of specific chromosomes, or of
411 entire set of chromosomes involving a significant percentage of the genome, seem
to be associated with sex determination in many organisms (table 4). Does male
heterogamety necessitate dosage compensation? One view is that dosage
compensation arose primarily to overcome the adverse effects of X chromosome
aneuploidy (Gartler and Andina 1976). It is well known that aneuploidy in the
Table 4. Dosage compensation strategies in male heterogametic organisms*·

*Modified from Jaffe and Laird (1986) with additions. (?) mark indicates implied dosage compensation
mechanism.
2
3
4
5
1
Beyer and Casson (1986); Hucchesi (1973); Rao and Ali (1982); Hebbert (1984); Koduru et el (1985);
6
7
8
9
Dawson and Samollow (1985); Rasa et al (1977); Berlowitz et al (1968); Rao and Arora (1978, 1979),
Rao and Bhattacharya (1984); 10 Brown and Chandra (1973); 11 Graves (1987) .
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number or parts of chromosomes has severe effects on the viability of many
organisms. For example, in Drosophila cumulative effects of deficiencies for more
than 3% or duplications for more than 10% of the genome are lethal (Lindsley et al
1972). Likewise, monosomy for even the smallest human autosome is lethal. Thus, it
appears that dosage compensation for sex-linked genes seems essential for
organisms that are sensitive to relatively small levels of aneuploidy. The fact that
mutations which disrupt dosage compensation result in lethality (Baker and Belote
1983; Jaffe and Laird 1986) further supports the importance of dosage
compensation. lt is, however, intriguing that only male-heterogametic organisms,
and not female-heterogametic organisms (Cook 1964; Ohno 1974), exhibit such a
mechanism for equalizing functional gene dosage for sex-linked genes between the
sexes,
Soon after the discovery of dosage compensation in two closely related
orthopteran insects, Gryllotalpa (by X chromosome inactivation, Rao and Arora
1978; Arora and Rao 1979; Bhattacharya et al 1983) and Acheta domesticus (by
male X chromosome hyperactivation, Rao and Ali 1982); other works followed
(Hebbert 1984; Koduru et al 1981) which indicated the occurrence of dosage
compensation in several other Orthoptera (grasshoppers), the mechanism being
probably similar to that in Drosophila (table 4). This strongly suggests that in
Orthoptera "dosage compensation arose or was present in related archopteran
ancestors" (Hebbert 1984) some time during the Carboniferous Period, around 350
million years ago (Ross 1961, Imms 1971).
In summary, dosage compensation in Gryllotalpa seems to be analogous to that
in mammals. This bears testimony to the ancient origin of this mechanism. It is
possible that a study of more organisms belonging to different taxa may provide
evidence for other modes of dosage compensation.
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