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Abstract. We review what is known about the transcrip- 
tional inactivation and condensation of heteromorphic 
sex chromosomes in contrast to the activation of homo- 
morphic sex chromosomes during meiotic prephase in 
animals. We relate these cytological and transcriptional 
features to the recombination status of the sex chromo- 
somes. We propose that sex chromosome condensation 
is a meiotic adaptation to prevent the initiation of poten- 
tially damaging recombination events in nonhomolo- 
gous regions of the X and Y chromosome. 

During meiotic prophase the X Y chromosome pair of  
many animal species is transcriptionally inactive and as- 
sumes a condensed chromatin configuration known as the 
sex body, whereas the J(-,Y chromosome pair of  female 
meiocytes is transcriptionally active and shows no such 
chromatin differentiation. We relate these cytological fea- 
tures to the recombination status of  the sex chromosomes 
in the two sexes: in females the two J( chromosomes pair 
and recombine while in males much of  the length of  the 
heteromorphic X -  Y pair is unpaired and recombinational 
ly inactive. In contrast to previous hypotheses regarding 
the function o f  sex chromosome inactivation in male meio- 
cytes, we propose that sex chromosome condensation is 
a meiotic adaptation to prevent the initiation o f  potentially 
damaging recombination events in the differentiated X and 
Y chromosomes. This hypothesis is consistent with evi- 
dence on the taxonomic distribution o f  sex chromosome 
inactivation, on the timing of  meiotic prophase events, and 
on the relation o f  chromatin configuration to meiotic re- 
combination. 

Sexual dimorphism in meiosis 

Recently, attention has been focused on sexual differ- 
ences in rates and distribution of meiotic recombination 
events and on their possible relationships with meiotic 
patterns of transcription (Fischer Lindahl 1991; Thomas 
and Rothstein 1991). In this paper, we review an extreme 
but informative case of sexual dimorphism in meiotic 
chromosome behavior: the euchromatic conformation 
and transcriptional activity of sex chromosomes in oo- 
cytes v i s a  vis the heterochromatic conformation and 
transcriptional inactivity of the sex chromosomes in 
spermatocytes of the same species. Meiotic sex chromo- 
some inactivation (MSCI) is distinct from the more fa- 
miliar somatic X inactivation, which functions in mam- 
malian dosage compensation; the former is widespread 
in heterogametic male animals and is limited to germ 
cells, while the latter is known only in female mammals 
and occurs in the soma and oogonia but not in meio- 
cytes. While it is possible that the two phenomena are 
mechanistically related in mammals, there is no evidence 
for this. Instead, we propose that the dimorphism in 
meiotic activity of sex chromosomes is related to the 
different status of the sex chromosomes with respect to 
pairing and recombination. The homologous X chromo- 
somes of homogametic females must pair and recombine 
to ensure X chromosome segregation at anaphase I and 
to prevent the accumulation of mutations, whereas the 
heteromorphic X and Y chromosomes of heterogametic 
males must be prevented from unrestricted meiotic re- 
combination because exchange events initiated within 
the differential regions could result in ectopic crossovers 
or in unrepaired chromosome damage. We suggest that 
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the euchromatic conformation of the sex chromosomes 
in oocytes facilitates chromosome pairing and recombi- 
nation and that the heterochromatic conformation of 
the X and Y chromosomes in spermatocytes prevents 
promiscuous recombination. We argue that accessibility 
of DNA to transcriptases and recombinases depends on 
similar features of chromatin conformation and that, 
therefore, the difference in transcriptional activity of sex 
chromosomes in spermatocytes and oocytes is a second- 
ary consequence of the dimorphism in commitment to 
recombination. 

We first review the evidence for dimorphism in the 
behavior of sex chromosomes in meiocytes, then develop 
the hypothesis that this dimorphism results from the 
differential recombination status of the sex chromo- 
somes in heterogametic and homogametic organisms, 
then evaluate evidence relevant to the hypothesis. 

Sex chromosome behavior during meiosis 

Sex chromosome meiotic behavior in many animals 
shows remarkable sexual dimorphism. Both of the ho- 
momorphic sex chromosomes are decondensed and 
transcriptionally active, as are the autosomes, during fe- 
male meiosis, whereas the heteromorphic sex chromo- 
somes are transcriptionally inactive and heterochro- 
matic, unlike the autosomes, in male meiosis. 

Female meiosis 

In mammalian oogonia, as in somatic cells, X chromo- 
some dosage compensation is achieved by having one 
X chromosome active and the other heterochromatic 
and transcriptionally inactive. Premeiotic germ cells 
from human female fetuses that are heterozygous GpdA/ 
GpdB express only AA and BB forms, indicating activity 
of only one X chromosome per cell (Gartler et al. 1975). 
These data are consistent with the demonstration of a 
heterochromatic chromosome in mitotic oogonia 
(Gartler et al. 1980). However, coincident with meiotic 
prophase, the heterochromatic X chromosome is reacti- 
vated, so that in distinction to all other cells of the body, 
oocytes have two X chromosomes active. Three kinds 
of observations have provided the evidence for this. 
First, quantitative differences in the amount of X-en- 
coded proteins are found in oocytes of XX individuals 
compared with those of XO female mice (Epstein 1969; 
Andina 1978; Monk and McLaren 1981; Gartler and 
Rivest 1983). Second, heteropolymeric forms of X-en- 
coded enzymes can be detected in oocytes of both hetero- 
zygous mice (Kratzer and Chapman 1981; Johnston 
1981) and humans (Gartler et al. 1972, 1975). Finally, 
a heterochromatic chromosome is not observed in oo- 
cytes (Ohno 1964). In conclusion, both X chromosomes 
in oocytes are transcriptionally active and in a chromatin 
conformation that is indistinguishable from that of the 
autosomes. 

Male meiosis 

In striking contrast to the behavior of the X chromo- 
somes during female meiosis, the X and Y chromosomes 
of male germ cells in many animals are inactive at meiot- 
ic prophase. The earliest observations were cytological, 
documenting the presence of heterochromatic sex chro- 
mosomes (Mohr 1916 translated by Mittwoch 1983; 
Painter 1924; Ohno and Makino 1961). Sachs (1954) 
first coined the term "sex vesicle" to described the struc- 
ture assumed by the sex chromosomes. The term is mis- 
leading because it implies a vesicular structure rather 
than simply the different chromatin conformation as- 
sumed by the sex chromosomes in spermatocytes. The 
structure and behavior of this nuclear domain, more 
appropriately termed the "sex body" or the "XY body" 
has been thoroughly and elegantly described by Solari 
(i 974, 1989); it consistently exhibits differential staining 
and behavior by comparison with the autosomes. The 
evidence for transcriptional inactivation derives primari- 
ly from autoradiography following incorporation of 
[3H]uridine in both insects and mammals (Henderson 
1964; Monesi 1965; Utakoji 1966; Kierszenbaum and 
Tres 1974a, b): the sex body does not incorporate uri- 
dine while the autosomal chromosomes do. The precise 
time of MSCI is not known but it evidently occurs some 
time after the commitment to meiosis, since the X may 
be late replicating by the preleptotene S-phase (Kofman- 
Alfaro and Chandley 1970; Odartchenko and Pavillard 
1970; however, see also Latos-Bielenska and Vogel 
1992), and transcriptionally inactive at early meiotic pro- 
phase when the sex body is first seen. 

Consequences for the male germ cell 
of X chromosome inactivation 

It has been proposed that MSCI is an essential feature 
of gametogenesis in the heterogametic sex (Lifschytz and 
Lindsley 1972), and that X-encoded products are inhibi- 
tory to spermatogenesis (Forejt 1982). However, there 
is no evidence that any of the large number of known 
X-encoded proteins is detrimental to germ cells. In fact, 
spermatogenic cells seem to have devised several means 
to ensure the availability of products normally encoded 
by the X chromosome. One such coping strategy is the 
presence of autosomal "back-up" genes encoding en- 
zyme variants expressed only in meiotic and post-meiotic 
spermatogenic cells. Autosomal back-up genes have been 
documented for PGK and the Ele subunit of pyruvate 
dehydrogenase. In the case of the Pgk-I gene, both func- 
tional enzyme and transcripts decline in meiotic pro- 
phase spermatocytes as the gene for a variant product, 
Pgk-2, located on mouse chromosome 17 (human chro- 
mosome 6), is activated (Gold et al. 1983; McCarrey 
and Thomas 1987; Singer-Sam et al. 1990). The PGK-2 
protein is found only in meiotic and postmeiotic sperma- 
togenic cells. The EI~ subunit of pyruvate dehydroge- 
nase is encoded on the X chromosome, but there is an 
autosomally encoded variant expressed only in the testis 
(Takakubo and Dahl 1992). However, for some X-linked 



genes, such as that encoding HPRT, there is no function- 
al autosomal back-up gene. Instead, the germ cell copes 
with inactivation by stabilization of gene products; Han- 
del et al. (1992) found that levels of HPRT activity do 
not decrease markedly in spermatocytes and spermatids 
despite low levels of transcript in spermatocytes. Inter- 
estingly, this study (as well as that of Singer-Sam et al. 
1990) found that the abundance of the transcript in- 
creases at the onset of meiotic prophase, decreases to 
exceedingly low leveIs in pachytene spermatocytes, then 
increases in postmeiotic cells, consistent with X chromo- 
some inactivation being related to events of meiotic pro- 
phase, not to spermatogenesis generally. 

Studies in male insects suggest the possibility of a 
compensatory hyperactivation of the X chromosome be- 
fore meiosis. In grasshoppers, the X is heavily condensed 
during meiotic prophase, indicative of meiotic inactiva- 
tion. However, in many species, it is diffuse and weakly 
stained relative to the autosomes during at least some 
of the premeiotic spermatogonial mitoses (White 1973). 
In spermatogonial interphase in Brachysola magna, the 
X chromosome, which accounts for only 6.5% of the 
metaphase chromosome length, underlies 17% of the 
silver grains following [3H]uridine incorporation. This 
suggests that the X is hyperactivated in spermatogonial 
interphase to compensate for its subsequent inactivation 
(Church 1979). 

The evidence for compensatory mechanisms to ensure 
the availability of X-encoded products in both mamma- 
lian and insect spermatogenesis makes it unlikely that 
sex chromosome inactivation evolved to suppress the 
production of gene products poisonous to spermato- 
cytes. It is equally difficult to account for the reactiva- 
tion of the inactive X in oocytes in terms of special 
transcriptional requirements of germ cells; although it 
is formally possible, there is no evidence that oocytes 
require a higher ratio of X to autosomal gene products 
than do oogonia or somatic cells. The failure to explain 
the peculiar behavior patterns of the sex chromosomes 
in gametocytes of either sex in terms of special transcrip- 
tional requirements suggests that these patterns reflect 
some other, more fundamental process. The fact that 
both sex chromosome reactivation in females and inacti- 
vation in males coincide temporally with events of meiot- 
ic prophase points to homologous pairing and recombi- 
nation, the defining events of meiotic prophase, as the 
keys to understanding meiotic sex chromosome tran- 
scriptional behavior. 

Meiotic pairing, recombination, 
and sex chromosome behavior 

In organisms with heteromorphic sex chromosomes, the 
pairing/recombinational status of the sex chromosomes 
is fundamentally different in the two sexes. In the homo- 
gametic sex, the sex chromosomes are fully homologous 
and recombine freely, while in the heterogametic sex they 
are largely non-homologous and, therefore, incapable 
of full homologous pairing and recombination. The sex- 
ual differences in sex chromosome conformation and 
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transcriptional activity in meiotic cells may be related 
to this dimorphism in the capacity of the sex chromo- 
somes to recombine homologously. This idea is consis- 
tent with a considerable body of evidence that hetero- 
chromatin and euchromatin differ in their capacity to 
recombine as well as to be transcribed. Genetic data 
from Drosophila indicate a virtual absence of crossing 
over in the centric heterochromatin (Baker 1958; Ro- 
berts 1965; Carpenter and Baker 1982). In addition, cy- 
tological data from a wide variety of organisms docu- 
ment the absence of chiasmata in major heterochromatic 
blocks (reviewed in John J 988). 

X reactivation and the benefits of  recombination 

The lack of recombination in heterochromatin implies 
that maintenance of the heterochromatic conformation 
of the inactive X in mammalian oogonia throughout 
meiosis would interfere with X-X recombination. In 
support of this is the observation that the two X chromo- 
somes in tetraploid locust spermatocytes, which remain 
condensed throughout meiotic prophase, fail to form 
a chiasma (White 1933). The failure of X-X recombina- 
tion could have at least two deleterious consequences. 
First, since the chiasmata that result from crossovers 
are important in ensuring accurate homologous segrega- 
tion at anaphase I (Hawley 1988), disruption of X chro- 
mosome disjunction would result from failure of the X 
to assume a chromatin configuration compatible with 
chiasma formation. Second, chromosome regions that 
do not recombine regularly tend to accumulate non- 
functional sequences such as simple repeats and trans- 
posable elements (Miklos et al. 1988; Charlesworth and 
Langley 1989). Theoretical considerations suggest that 
recombination may oppose mutational decay by facili- 
tating both selection against deleterious mutations and 
removal of repetitive DNA (Charlesworth and Langley 
1989; Charlesworth 1989). Thus, reactivation of the pre- 
viously inactive X in mammalian oocytes may function 
to allow X chromosomes to "reap the benefits" of re- 
combination. 

Sex chromosome inactivation as a means 
to prevent promiscuous recombination 

By contrast, the X and Y chromosomes in many organ- 
isms are too divergent to reap anything but chaos from 
recombination. There are at least two reasons why par- 
ticipation of non-homologous sex chromosomes in ho- 
mologous recombination might be detrimental. 

Ectopic exchange 

Sex chromosome recombination might lead to ectopic 
exchange between repeated sequences on the X and Y 
leading to rearrangements and aneuploidy. In yeast, 
meiotic exchange occurs between dispersed repeated se- 
quences located on the same or non-homologous chro- 
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mosomes at frequencies comparable to those of alMic 
exchange (Petes and Hill 1988; Haber et al. 1991). Ec- 
topic exchange between dispersed repeats also occurs 
in Drosophila meiosis (Montgomery et al. 1991). The fre- 
quency is substantially higher in heterozygous than in 
homozygous individuals, suggesting the suppression of 
ectopic exchange by homologous pairing. Dispersed re- 
peated sequences are abundant in mammalian genomes 
and there is suggestive evidence for involvement of such 
sequences in both allelic and ectopic exchange (Stoppa- 
Lyonnet et al. 1990; Yen et al. 1990; Fischer Lindahl 
1991). A number of sequence families are shared between 
the X and Y (Avner et al. 1987). These observations 
suggest that ectopic intra- and inter-chromosomal ex- 
change might occur on heteromorphic sex chromosomes 
at unacceptably high frequencies, if there were no means 
to suppress it. Thus, one plausible function of MSCI 
would be to prevent ectopic exchanges within or between 
the X and Y chromosomes. 

Double-s trand breaks 

A second possible function of MSCI is to suppress the 
initiation of recombination so as to prevent the accumu- 
lation of unrepaired chromosome damage such as dou- 
ble-strand breaks. The possibility of such damage is sug- 
gested by recent evidence that double-strand DNA 
breaks accompany the initiation of meiotic recombina- 
tion in yeast (Sun et al. 1989; Cao et al. 1990). Apparent- 
ly the occurrence of double-strand breaks does not de- 
pend upon prior establishment of homology since they 
are seen at comparable frequencies in individuals homo- 
zygous or heterozygous for a 2.5 kb insertion containing 
a recombination initiation site (Cao et al. 1990). This 
raises the possibility that if heteromorphic X and Y chro- 
mosomes were recombinationally active, double-strand 
breaks would occur in sequences that are heterologous 
and therefore incapable of recombining homologously. 

The fate of meiotic double-strand breaks not repaired 
by homologous recombination is unknown. The most 
benign fate would be recombinational repair using the 
sister chromatid as template. Meiotic sister chromatid 
exchange (SCE) is negligible in Drosophila (Gatti 1982) 
and in other insects (reviewed in John 1990) but does 
occur in yeast (Game et al. 1989), where it is stimulated 
by lack of a homolog (Wagstaff et al. 1985), consistent 
with the possibility that SCE functions as a back-up 
repair system. However, the products include a very high 
frequency of unequal SCEs, suggesting that it may not 
be a very accurate back-up system. No comparable data 
are available from higher eukaryotes. The alternatives 
to recombinational repair by SCE - ectopic recombina- 
tion, restitution of the break, and failure to repair - 
are considerably less benign. Ectopic recombination 
leads to rearrangements and aneuploidy. Direct religa- 
tion of broken ends would likely lead to deletions since 
the recessed 5' ends generated by breakage and resection 
during initiation (Sun et al. 1991) cannot be filled in 
by any known polymerase. Unrepaired double-strand 
breaks would likely cause either meiotic arrest or zygotic 

dominant lethality. If  unrepaired double-strand breaks 
are at all common in meiosis, one might expect a "check- 
point" system to be operative in meiosis analogous to 
that in mitotic cells, which functions to halt cell cycle 
progression in cells with unrepaired chromosome dam- 
age such as double-strand breaks (Hartwell and Weinert 
1989). Meiotic arrest would be a relatively benign out- 
come as long as the level of damage were not too high, 
since the loss of reproductive output could be easily com- 
pensated for by generating additional meiocytes. Indeed, 
several recent studies involving interactions among 
meiotic mutants have documented the existence of one 
or more checkpoints in meiotic prophase (Weber and 
Byers 1992; Bishop et al. 1992). However, such a check- 
point system would likely be swamped by the damage 
resulting from unrestricted recombination initiation in- 
volving non-homologous sex chromosomes. 

Thus we propose that MSCI in spermatocytes of he- 
terogametic males is a device to ensure that the non- 
homologous sex chromosomes are not involved in meiot- 
ic exchange. This prevents both ectopic exchange and 
chromosomal damage via double-strand breaks associat- 
ed with the initiation of meiotic recombination. Viewed 
in this way, meiotic transcriptional inactivation is a sec- 
ondary consequence of a chromatin configuration that 
prevents access of recombinatory enzymes. Conversely, 
the reactivation of the X chromosome in oocytes is not 
a transcriptional necessity but a consequence of a chro- 
matin conformation permissive for recombination. 

Tests of the hypothesis 

Three predictions follow from the hypothesis that MSCI 
functions to prevent participation of heterologous sex 
chromosomes in meiotic recombination. The first is that 
in organisms in which a region of the X-Y pair remains 
homologous and recombinationally active, that region 
may be spared inactivation. The second prediction is 
that MSCI should be restricted to organisms with 
heteromorphic sex chromosomes, since if the sex chro- 
mosomes are largely homologous, there would be no 
need to suppress X-Y exchange. The third prediction 
is that MSCI should be restricted to organisms with 
meiotic exchange, because it would not be needed in 
"achiasmatic" organisms. 

Failure to inactivate " pseudoautosomal  " sequences 

Male mice and humans provide good tests of the first 
prediction, because in both species, the X Y  pair, al- 
though largely diverged, has retained a limited region 
of homology. These pseudoautosomal regions (PARs), 
which are located at the distal end of the short arms 
of the X and Y chromosomes in humans and at the 
distal end of the tong arms of the two sex chromosomes 
in mice (Ellis and Goodfellow 1989), pair regularly in 
meiosis and undergo one or more obligatory exchange 
events (Rouyer et al. 1986; Soriano et al. 1987; Hale 



et al. 1991), which apparently function to facilitate X-Y 
segregation. 

Although there is no direct evidence for transcription- 
al activity in the pairing region, there is evidence based 
on enzyme activity that the pseudoautosomal gene Sts 
is not inactivated in mouse spermatocytes (Raman and 
Das 1991). Furthermore, there are some data that this 
region exhibits a more open chromatin configuration 
than the rest of the X and Y chromosomes during male 
meiosis. In situ nick-translation revealed a region of 
DNase I sensitivity in the X-Y pairing region of the 
human X (Chandley and McBeath 1987), but there were 
conflicting results for the pairing region when this tech- 
nique was applied to the mouse, some finding DNase 
I sensitivity (Richler et al. 1987; Raman et al. 1988), and 
others failing to (Separovic and Chandley 1987). Thus, 
there is suggestive evidence, but not yet proof, that the 
X Y  pairing region has a more open chromatin configu- 
ration than the differentiated segments that do not pair 
and recombine. 

Sex chromosome inactivation 
and sex chromosome homology 

If MSCI is a solution to the problem of recombination 
between heteromorphic sex chromosomes, then it should 
be unnecessary in organisms that lack heteromorphic 
sex chromosomes. The available taxonomic data are 
consistent with this prediction. The organisms in which 
MSCI has been thoroughly documented, such as mam- 
mals (Solari 1989) and grasshoppers (White 1973) all 
have heteromorphic sex chromosomes, either XY or XO. 
A survey of the literature failed to find any exceptions 
to this association. Moreover, there are some clear exam- 
ples of organisms with homomorphic sex chromosomes 
that lack MSCI, especially among the mosquitoes and 
their close relatives. The only mosquitoes in which MSCI 
has been reported are Anophelines and these are also 
the only mosquitoes with an obviously heteromorphic 
XY pair (Stevens 1911 ; Rishikesh 1959; Mukherjee et al. 
1970; Narang et al. 1972; Kitzmiller 1976). In other well- 
studied mosquitoes such as Culex and Aedes (White 
1980), as well as in the related midges and blackflies 
(Bull 1983), the sex chromosomes are not readily distin- 
guishable. There have been no reports of MSCI in these 
groups and in some cases there is clear evidence for 
its absence (Stevens 1911; Martin 1967; Mukherjee and 
Rees 1970; Mukherjee etal. 1970; Jost 1971; Bhalla 
1971). This does not reflect a lack of sex chromosomes: 
XY systems have been documented in several mosqui- 
toes, black flies and midges by genetic and/or by special 
staining methods and are considered to be universal in 
these groups (White 1980). Instead, the absence of MSCI 
more likely reflects extensive sex chromosome homology 
in the heterogametic sex. 

However, not all species with differentiated sex chro- 
mosomes are characterized by meiotic formation of typi- 
cal sex body chromatin, the most notable exceptions be- 
ing non-mammalian vertebrates such as birds (Solari 
1977, 1992), reptiles (Becak and Becak 1981) and am- 
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phibians (Kezer et al. 1989). In the case of birds, the 
heteromorphic sex chromosomes of oocytes undergo ap- 
parently non-homologous synapsis and extensive synap- 
tic rearrangement (Solari 1992), which may somehow 
provide an alternative mechanism to suppress non-ho- 
mologous sex chromosome recombination. In the case 
of some amphibian spermatocytes, even though the sex 
chromosomes do not organize the typical sex body, they 
do exhibit a condensation pattern that is different from 
that of the autosomes (Kezer et al. 1989), which may 
serve to prevent promiscuous sex chromosome recombi- 
nation. There is much that is not known that could clari- 
fy these systems, such as the degree of homology be- 
tween the differentiated sex chromosomes, whether or 
not there is any genetic evidence for exchange between 
the sex chromosomes, the meiotic pattern of transcrip- 
tion of both autosomes and sex chromosomes, and the 
relationship of the molecular events of meiosis to the 
observed cytological events. In the context of the hy- 
pothesis advanced here, it is especially important to learn 
whether these species have alternative methods to pre- 
vent recombination between differentiated sex chromo- 
somes. 

Sex chromosome inactivation and achiasmatic meiosis 

Insects also provide a good test of the third prediction 
since achiasmy has been documented in the heterogamet- 
ic sex in members of eight insect orders (White 1973; 
John 1990). A partial survey of the extensive insect cyto- 
genetic literature indicates a strong although imperfect 
association between chiasmy versus achiasmy on the one 
hand and presence or absence of X inactivation on the 
other, Most Orthopteran, Dictyopteran and Heteropter- 
an males are chiasmatic and sex chromosome inactiva- 
tion appears to be the rule in these groups, even in the 
achiasmatic species (White 1938, 1965a, b, 1973; Nokka- 
la and Nokkala 1983, 1984, 1986a, b). In the Diptera, 
by contrast, achiasmy is widespread and many species 
lack detectable heteropycnosis of the sex chromosomes 
despite having heteromorphic sex chromosomes. These 
include Drosophilidae (Stevens 1908; Cooper 1950; 
Kremer et al. 1986), Trypetidae (Emmart 1935), robber 
flies (Metz and Nonidez 1924; Ribbands 1941), barflies 
(Cooper 1941), and Phrynidae (Wolf 1950). Other Dip- 
terans show clear evidence of sex chromosome hetero- 
pycnosis in spermatogenesis, including both chiasmatic 
forms such as the Tipulidae (John 1957) and achiasmatic 
forms such as the Mycetophilidae (Le Calvez 1947; 
Fahmy 1949). There have been no reports of sex chromo- 
some heteropycnosis in Lepidopterans in which oogene- 
sis is universally achiasmatic (Fisk 1989), despite the fact 
that most species have heteromorphic sex chromosomes. 
Thus the insect cytogenetic data support an association 
between achiasmy and lack of sex chromosome hetero- 
pycnosis. Chiasmatic insects typically show sex chromo- 
some heteropycnosis while many (though not all) achias- 
matic insects do not. The pattern is consistent with the 
idea that achiasmatic insects evolved from ancestral, 
chiasmatic forms with sex chromosome inactivation; 
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some achiasmatic groups have subsequently lost sex 
chromosome inactivation while others have retained it. 

Both genetic and molecular data on Drosophila sper- 
matogenesis support the hypothesis that achiasmy in the 
heterogametic sex is permissive for sex chromosome ac- 
tivity in meiotic prophase. After the completion of the 
premeiotic S-phase and chromosome pairing, both of 
which occur very quickly after the last spermatogonial 
mitosis in spermatocytes of D. rnelanogaster (Cooper 
1950; Olivieri and Olivieri 1965) and D. hydei (Kremer 
et al. 1986), the chromosomes then decondense and re- 
main so throughout the spermatocyte growth period 
(Cooper 1950; Kremer et al. 1986). Transcription occurs 
at high rates in both the nucleus and nucleolus of young 
primary spermatocytes as determined by autoradiogra- 
phy following [3H]uridine incorporation (Hennig 1967; 
Gould-Somero and Holland 1974); transcription rates 
decline as spermatocytes age, ceasing as the chromo- 
somes recondense for the meiotic divisions. The behavior 
of the X chromosome is not much different from that 
of the autosomes. The X euchromatin decondenses fully 
and is indistinguishable from autosomal euchromatin 
throughout most of the primary spermatocyte growth 
phase; moreover, [3H]uridine incorporation is as intense 
over the X domain as over the autosomal domains (Hen- 
nig 1967; Kremer et al. 1986). In D. hydei, the X euchro- 
matin begins condensation slightly in advance of the 
autosomal euchromatin (Kremer et al. 1986). However, 
this difference is relatively minor and does not contradict 
the conclusion that the behavior of the X and autosomes 
in Drosophila male meiosis is fundamentally similar. 

The behavior of the Y chromosome is even more 
strikingly inconsistent with sex chromosome inactiva- 
tion. Decondensation of the Y in the early primary sper- 
matocyte is accompanied by development of large 
"lampbrush loops" (Hennig 1987; Bonaccorsi etal. 
1988), which are intensely transcribed, as shown by Mill- 
er spreading, [3H]uridine incorporation, and both RNA 
blot and transcript in situ hybridization using cloned 
loop sequences (reviewed in Hennig 1987; Bonaccorsi 
et al. 1990). 

The identification of large numbers of genes required 
for spermatogenesis on the X and Y chromosomes of 
Drosophila is also difficult to reconcile with the idea 
of meiotic sex chromosome inactivation. The Y chromo- 
somes of both D. rnelanogaster and D. hydei contain 
several loci essential for male fertility and normal sper- 
matogenesis (reviewed in Hennig 1988) at least some 
of which coincide with the lampbrush loop-forming loci. 
Mutational analyses have also identified numerous X- 
linked genes required for spermatogenesis. There is no 
apparent difference between the X and autosomes in 
density of mate sterile mutations (Lindsley and Tokuya- 
su 1980). Moreover, DNA sequences that are transcribed 
abundantly in testes appear to be randomly distributed 
among the chromosome arms, based on analysis of ge- 
nomic clones homologous to enriched testis RNA (Jos- 
lyn 1988). 

Thus the available data strongly indicate that Dro- 
sophila sex chromosomes are transcriptionally active in 
meiotic cells despite being extensively heteromorphic. 

This, as well as the lack of MSCI in organisms with 
homomorphic sex chromosomes, is inconsistent with the 
Lifschytz and Lindsley (1972) proposal that X inactiva- 
tion is a universal requirement of spermatogenesis. Their 
proposal was based on the male sterility of most X- 
autosome translocations in both mammals and Drosoph- 
ila, which they explained in terms of a disruption of 
the normal timing of X versus autosomal inactivation. 
However, there is no direct evidence for a link between 
MSCI and X-autosome translocation sterility in any or- 
ganism. Whatever the explanation for X-autosome 
translocation sterility turns out to be, the lack of evi- 
dence for MSCI in Drosophila is consistent with the hy- 
pothesis that sex chromosome inactivation is a device 
to prevent the participation of largely non-homologous 
sex chromosomes in meiotic recombination. 

Chromatin conformation and recombination 

In addition to providing an explanation for the other- 
wise puzzling behavior of sex chromosomes in early 
meiosis, the findings reviewed here suggest that adjusting 
chromatin conformation may be a mechanism for regu- 
lating the distribution of recombination events. It has 
long been known that constitutive heterochromatin is 
inactive in meiotic recombination, but it has not been 
clear whether this reflects an intrinsic non-recombino- 
genicity of the sequences in such regions, which are 
mostly simple tandem repeats and transposable elements 
(John 1988), or is a consequence of the condensed con- 
formation. If normally euchromatic sequences such as 
those on the X can be prevented from recombining by 
heterochromatization, as has been suggested here, then 
regulation of recombination by chromatin conformation 
is implied. This is consistent with recent evidence that 
at least some tandemly repeated sequences and transpos- 
able elements are intrinsically capable of recombination. 
Several studies have implicated such sequences as hot- 
spots for meiotic recombination when located in the re- 
combinationally permissive euchromatin (Fischer Lin- 
dahl 1991). 

The idea that recombination events are regulated by 
chromatin conformation is also consistent with molecu- 
lar studies of recombination hotspots. In both yeast (Ni- 
colas et al. 1989; Sun et al. 1989; Stapleton and Petes 
1991) and mice (Shenkar et al. 1991; Fischer Lindahl 
1991), hotspots for meiotic recombination have been 
mapped to sites coincident with gene promoters or en- 
hancers. A hotspot in the mouse H-2 locus overlaps with 
sites of DNase hypersensitivity that correspond to bind- 
ing sites for known transcriptional activators (Shenkar 
et al. 1991). A plausible explanation for these findings 
is that the open (non-nucleosomal) chromatin conforma- 
tion of promoter/enhancer regions (Grunstein 1990) fa- 
vors accessibility of recombinases as well as transcrip- 
tases. If this interpretation is correct, the suppression 
of sex chromosomal transcriptional activity in spermato- 
cytes may result from overlap in the chromatin features 
recognized by transcriptases and recombinases, open 
chromatin conformations favoring both recombination 
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and transcription and condensed conformations inhibit- 
ing both. This does not mean that transcription and 
recombination are closely co-regulated. Meiotic tran- 
scription and recombination play largely different roles 
in gametogenesis and are likely subject to very different 
selective pressures. An open conformation does not 
guarantee transcription; the appropriate transcription 
factors must also be present. Similarly, euchromatic re- 
gions exhibit large and predictable variations in recombi- 
nation frequency (Lindsley and Sandler J 977), suggestive 
of  regulatory control of  recombination over and above 
the level of  chromatin conformation. Thus, there is no 
reason to expect that recombination events would be 
restricted to sites of  meiotic transcription, as has recently 
been suggested (Thomas and Rothstein 1991). However, 
where selection has favored heterochromatization as a 
means to prevent recombination throughout  a chromo- 
some pair, interference with meiotic transcription may 
be inevitable. 

Possible mechanism for sterilizing effects of pairing failure 

Although the hypothesis outlined above was developed 
to explain MSCI during gametogenesis, it also suggests 
a mechanism for the partial or complete sterility often 
associated with the failure of  meiotic pairing in a chro- 
mosome or part  of  a chromosome. This phenomenon 
is common in heterozygotes for chromosome rearrange- 
ments and in hybrids between closely related species (see 
reviews in Gillies 1989). In most cases, sterility is asso- 
ciated with meiotic prophase arrest, often at pachytene 
or just before metaphase. Miklos (1974) has postulated 
that sterility in these cases results from "unsa tu ra ted"  
pairing sites, i.e., pairing sites that fail to find a partner 
during early prophase. This idea accounts formally for 
a substantial body of  data, but there has been no mecha- 
nism linking the saturation state of  pairing sites with 
sterility. I f  recombination events initiated in regions pre- 
vented from homologous pairing can result in unre- 
paired double-strand breaks, as suggested above, these 
may be the molecular basis of  the unsaturated pairing 
sites of  Miklos. Recent studies in yeast have documented 
that double-strand breaks at recombination hotspots ap- 
pear very early in meiotic prophase, prior to or coinci- 
dent with the initiation of  synapsis (Padmore et al. 1991), 
suggesting that they play a role in the pairing process 
itself. Thus, the failure to achieve full homologous pair- 
ing, either because of  a partial lack of  homology or be- 
cause of  topological constraints imposed by rearrange- 
ment heterozygosity, could leave one or more double- 
strand breaks unrepaired. I f  meiotic SCE does not occur 
at sufficient levels to repair the resulting double-strand 
breaks, then a meiotic checkpoint to screen them out 
would be adaptive. Sterility associated with meiotic ar- 
rest in hybrids and in heterozygotes for structural rear- 
rangements may then result from the detection of dou- 
ble-strand breaks by a meiotic "qual i ty  cont ro l"  mecha- 
nism. 

Summary and perspective 

We have reviewed evidence for the sexually dimorphic 
behavior of  heteromorphic sex chromosomes in gameto- 
cytes. In our view, this dimorphism, namely, X chromo- 
some reactivation in mammalian female gametocytes 
and inactivation of both the X and Y chromosomes in 
spermatocytes of  a wide range of  animals, relates to the 
differing recombination status of  the sex chromosomes 
in the two sexes. In order to ensure disjunction and to 
avoid the accumulation of mutations, the homologous 
X chromosomes in females must be in a chromatin con- 
formation compatible with free recombination. In mam- 
malian females, this requires reactivation, or deconden- 
sation, of  the inactive X prior to or coincident with early 
meiotic prophase. In heterogametic males, the hetero- 
morphic sex chromosomes are condensed, or inactivat- 
ed, at meiotic prophase in order to prevent recombina- 
tion events that would likely lead to rearranged or dam- 
aged sex chromosomes. Thus, in this view, sex chromo- 
some transcriptional activity vs inactivity is a secondary 
consequence of an early meiotic event establishing chro- 
matin configurations that are either permissive or non- 
permissive for recombination. We have shown that this 
hypothesis is consistent with a substantial body of cyto- 
logical and molecular data on the relationship between 
MSCI and other features of  meiosis, such as sex chromo- 
some heteromorphy and meiotic exchange. 

Although this hypothesis is based on the exceptional 
behavior of sex chromosomes at meiosis, it provides a 
framework for investigation of  the relationship between 
chromatin configuration and meiotic recombination in 
general. This hypothesis will almost certainly be modi- 
fied as we learn more about molecular and comparative 
aspects of  meiosis. However, it does focus on key issues 
concerning meiosis in higher eukaryotes, including tim- 
ing of  meiotic prophase events, the regulation of  the 
initiation and distribution of  recombination events, and 
the chromatin requirements of  recombination. Experi- 
mental investigations of these issues are essential to en- 
hance our knowledge of  meiotic processes in general and 
the sexually dimorphic behavior of  sex chromosomes 
at meiosis in particular. 

Acknowledgements'. We acknowledge NIH grants GM 40489 and 
GM 00522 (B.D.M.) and NSF grant DMB-8905117 (M.A.H.) for 
supporting work in our laboratories. 

References 

Andina RJ (1978) A study of X chromosome regulation during 
oogenesis in the mouse. Exp Cell Res 111:211 218 

Avner P, Bishop C, Amar L, Cambrou J, Hatat D, Arnaud D, 
Mattei M-G (1987) Mapping the mouse X chromosome: possi- 
ble symmetry in the location of a family of sequences on the 
mouse X and Y chromosomes. Development 101 [Suppl] : 107 
116 

Baker WK (1958) Crossing over in heterochromatin. Am Nat 
92:59 60 

Becak ML, Becak W (1981) Behaviour of the ZW sex bivalent 
in the snake Bothropsjararaca. Chromosoma 83:289-293 



78 

Bhalla SC (197I) A crossover suppressor-enhancer system in the 
mosquito Aedes aegyptii. Can J Genet Cytol 13:561 577 

Bishop DK, Park D, Xu L, Kleckner N (1992) DMCI: A meiosis- 
specific yeast homolog of E. eoli recA required for recombina- 
tion, synaptonemal complex formation, and cell cycle progres- 
sion. Cell 69 : 439-456 

Bonaccorsi S, Pisano C, Puoti F, Gatti M (1988) Y chromosome 
loops in Drosophila melanogaster. Genetics 120:1015 1034 

Bonaccorsi S, Gatti M, Pisano C, Lohe A (1990) Transcription 
of a satellite DNA on two Y chromosome loops of Drosophila 
melanogaster. Chromosoma 99: 260-266 

Bull JJ (1983) Evolution of sex determining mechanisms. Benjamin/ 
Cummings, Menlo Park, California 

Cao L, Alani E, Kleckner N (1990) A pathway for generation 
and processing of double-strand breaks during meiotic recombi- 
nation in S. cerevisiae. Cell 61:1089-1101 

Carpenter ATC, Baker B (1982) On the control of the distribution 
of meiotic exchange in Drosophila melanogaster. Genetics 
101 : 81-89 

Chandley AC, McBeath S (1987) DNase I hypersensitivity charac- 
terizes the XY pairing region at meiosis in man. Chromosomes 
Today 9:196-207 

Charlesworth B (1989) The evolution of sex and recombination. 
Trends Ecol Evol 4: 264-267 

Charlesworth B, Langley CH (1989) The population genetics of 
Drosophila transposable elements. Annu Rev Genet 23:251-287 

Church K (1979) The grasshopper X chromosome. II. Negative 
heteropycnosis, transcription activities and compartmentaliza- 
tion during spermatogonial stages. Chromosoma 71:359-370 

Cooper KW (1941) An investigation of the aberrant chromosome 
behavior in the male germ cells of flies parasitic on tropical 
bats and vultures. Yearbook, Am Philos Soc 1941 : 12~127 

Cooper KW (1950) Normal spermatogenesis in Drosophila. In: De- 
merec G (ed) The biology of Drosophila. Hafner, New Haven, 
Connecticut, pp 1-61 

Ellis N, Goodfellow PN (1989) The mammalian pseudoautosomal 
region. Trends Genet 5: 406-410 

Emmart EW (1935) Studies of the chromosomes of Anastrepha 
(Diptera: Trypetidae). Proc Entomol Soc Wash 37:119 135 

Epstein CJ (1969) Mammalian oocytes: X chromosome activity. 
Science 163:1078-1079 

Fahmy OG (1949) The mechanism of chromosome pairing during 
meiosis in male Apolipthisa subincana (Mycetophelidae, Dip- 
tera). J Genet 49:246-263 

Fischer Lindahl K (1991) His and hers recombinational hotspots. 
Trends Genet 7 : 723-280 

Fisk JH (1989) Karyotype and achiasmatic female meiosis in Heli- 
coverpa armigera (Hudner) and H. punctigera (Wallengren) (Le- 
pidoptera: Noctuidae). Genome 32:967-971 

Forejt J (1982) X-Y involvement in male sterility caused by au- 
tosome translocations - a hypothesis. In : Crosignani PG, Rubin 
BL (eds) Genetic control of gamete production and function. 
Academic Press, New York, pp 135-151 

Game JC, Sitney KC, Cook VE, Mortimer RK (1989) Use of 
a ring chromosome and pulsed-field gels to study interhomolog 
recombination, double-strand DNA breaks and sister chroma- 
tid exchange in yeast. Genetics 123:695-713 

Gartler SM, Rivest M (t983) Evidence for X-linkage of steroid 
sulfatase in the mouse: Steroid sulfatase levels in oocytes of 
XX and XO mice. Genetics 103:137-141 

Gartler SM, Liskay RM, Campbell BK, Sparkes R, Gant N (1972) 
Evidence for two functional X chromosomes in human oocytes. 
Cell Differ 1:215-218 

Gartler SM, Andina R, Gant N (1975) Ontogeny of X-chromo- 
some inactivation in the female germ line. Exp Cell Res 91:454- 
457 

Gartler SM, Rivest M, Cole RE (1980) Cytological evidence for 
an inactive X chromosome in murine oogonia. Cytogenet Cell 
Genet 28 : 203-207 

Gatti M (1982) Sister chromatid exchanges in Drosophila. In: Wolff 
S (ed) Sister chromatid exchange. Wiley, New York, pp 267-296 

Gillies CB (1989) Fertility and chromosome pairing: Recent studies 
in pIants and animals. CRC Press, Boca Raton, Florida 

Gold B, Fujimoto H, Kramer JM, Erickson RP, Hecht NB (1983) 
Haploid accmnulation and translational control of phosphogly- 
cerate kinase-2 messenger RNA during mouse spermatogenesis. 
Dev Biol 98 : 39~399 

Gould-Somero M, Holland L (1974) The timing of RNA synthesis 
for spermiogenesis in organ cultures of Drosophila melanogaster 
testes. Wilhelm Roux' Arch 174:133-148 

Grunstein M (1990) Nucleosomes: regulators of transcription. 
Trends Genet 6 : 395-400 

Haber JE, Leung W-Y, Borts RH, Lichten M (1991) The frequency 
of meiotic recombination in yeast is independent of the number 
and position of homologous donor sequences: Implications for 
chromosome pairing. Proc Natl Acad Sci USA 88 : 1120-1124 

Hale DW, Hunt PA, Tucker PK, Either EM (1991) Synapsis and 
obligate recombination between sex chromosomes of male labo- 
ratory mice carrying the Y* rearrangement. Cytogenet Cell 
Genet 57:231-239 

Handel MA, Shannon M, Caldwell KA (1993) Sex-chromosome 
activity during meiosis. In: Meiosis II: Contemporary ap- 
proaches to the study of meiosis. AAAS Press, Washington, 
D.C. (in press) 

Hartwell LH, Weinert TA (1989) Checkpoints: Controls that en- 
sure the order of cell cycle events. Science 246:629-634 

Hawley RS (1988) Exchange and chromosomal segregation in eu- 
caryotes. In : Kucherlapati R, Smith GR (eds) Genetic recombi- 
nation. American Society for Microbiology, Washington, D.C., 
pp 497-527 

Henderson SA (1964) RNA synthesis during male meiosis and sper- 
miogenesis. Chromosoma 15 : 345-366 

Hennig W (1967) Untersuchungen zur Struktur und Funktion des 
Lampenborsten-Y-Chromosoms in der Spermatogenese yon 
Drosophila. Chromosoma 22:294-357 

Hennig W (1987) The Y chromosomal lampbrush loops of Dro- 
sophila. In: Hennig W (ed) Results and problems in cell differen- 
tiation, vol 14. Structure and function of eukaryotic chromo- 
somes. Springer, Berlin Heidelberg New York, pp !33-146 

Hennig W (1988) The Y chromosome of Drosophila. In: Adolph 
KW (ed) Chromosomes: eukaryotic, prokaryotic and viral, 
vol I. CRC Press, Boca Raton, Florida, pp 213-238 

John B (1957) XY segregation in the crane fly Tipula maxima 
(Diptera: Tipulidae). Heredity 11 : 209-216 

John B (1988) The biology of heterochromatin. In: Verma RS (ed) 
Molecular and structural aspects of heterochromatin. Cam- 
bridge University Press, Cambridge, pp 1-147 

John B (1990) Meiosis. Cambridge University Press, Cambridge 
Johnston PG (1981) X chromosome activity in female germ cells 

of mice heterozygous for Searle's translocation T(X;16)16H. 
Genet Res 37:317-322 

Joslyn G (1988) Cloning and analysis of spermatogenic genes in 
Drosophila melanogaster. Ph.D. dissertation, University of Cali- 
fornia, San Diego 

Jost E (1971) Meiosis in the male of Culex pipiens and Aedes albo- 
pictus and fertilization in the Culex pipiens complex. Can J 
Genet Cytol 13:237 250 

Kezer J, Sessions SK, Leon P (1989) The meiotic structure and 
behavior of the strongly heteromorphic X/Y sex chromosome 
of neotropical plethodontid salamanders of the genus Oe@ina. 
Chromosoma 98:433 442 

Kierszenbaum AL, Tres LL (1974a) Nucleolar and perichromoso- 
mal RNA synthesis during meiotic prophase in the mouse testis. 
J Cell Biol 60 : 39-53 

Kierszenbaum AL, Tres LL (1974b) Transcription sites in spread 
meiotic prophase chromosomes from mouse spermatocytes. J 
Cell Biol 63 : 923-935 

Kitzmiller JB (1976) Genetics, cytogenetics and evolution of mos- 
quitoes. Adv Genet 18 : 315-433 

Kofman-Alfaro S, Chandley AC (1970) Meiosis in the male mouse. 
An autoradiographic investigation. Chromosoma 31 : 404-420 

Kratzer PG, Chapman VM (1981) X chromosome reactivation in 
oocytes of Mus caroli. Proc Natl Acad Sci USA 78 : 3093-3097 



79 

Kremer H, Hennig W, Dijkhof R (1986) Chromatin organization 
in the male germ line of Drosophila hydei. Chromosoma 
94:147-161 

Latos-Bielenska A, Vogel W (1992) Demonstration of replication 
patterns in the last premeiotic S-phase of male Chinese hamsters 
after BrdU pulse labeling. Chromosoma i01:279-283 

LeCalvez J (1947) Morphologie et comportement des chromosomes 
dans la spermatogenese de quelques mycetophilides. Chromo- 
soma 3 : 137-165 

Lifschytz E, Lindsley DL (1972) The role of  X-chromosome inacti- 
vation during spermatogenesis. Proc Natl Acad Sci USA 
69 : 182-186 

Lindsley DL, Sandler L (1977) The genetic analysis of meiosis 
in female Drosophila meIanogaster. Philos Trans R Soc Lond 
[Biol] 277 : 295-312 

Lindsley DL, Tokuyasu KT (1980) Spermatogenesis. In: Asburner 
M, Wright TRF (eds) The genetics and biology of Drosophila, 
vol 2d. Academic Press, London, pp 225-294 

Martin J (1967) Meiosis in inversion heterozygotes in Chronomidae. 
Can J Genet Cytol 9:255-268 

McCarrey JR, Thomas K (1987) Human testis-specific PGK gene 
lacks introns and possesses characteristics of a processed gene. 
Nature 326: 501-505 

Metz CW, Nonidez JF (1924) The behavior of the nucleus and 
chromosomes during spermatogenesis in the robber fly Lasiopo- 
gon birittatus. Biol Bull Woods Hole 46:153 164 

Miklos GLG (1974) Sex chromosome pairing and male fertility. 
Cytogenet Cell Genet 13:558 577 

Miklos GLG, Yamamoto M-T, Davies J, Pirrotta V (1988) Micro- 
cloning reveals a high frequency of repetitive sequences charac- 
teristic of chromosome 4 and the /3-heterochromatin of Dro- 
sophila melanogaster. Proc Natl Acad Sci USA 85:2051-2055 

Mittwoch V (1983) Heteropycnosis and the activity of X chromo- 
somes: History and prospects. In: Sandberg AA (ed) Cytoge- 
netics of the mammalian X chromosome, Part A. Basic mecha- 
nisms of X chromosome behavior. Liss, New York, pp 251-270 

Mohr OL (1916) Studien fiber die Chromatinreifung der m/inn- 
lichen Geschlechtszellen bei Locusta viridissima. Arch Biol 
(Liege) 29 : 579 

Monesi V (1965) Differential rate of ribonucleic acid synthesis in 
the autosomes and sex chromosomes during male meiosis in 
the mouse. Chromosoma 17:11-21 

Monk M, McLaren A (1981) X-chromosome activity in foetal germ 
cells of  the mouse. J Embryol Exp Morphol 63 : 75-84 

Montgomery EA, Huang S-M, Langley CH, Judd BH (1991) Chro- 
mosome rearrangement by ectopic recombination in Drosophila 
melanogaster: genome structure and evolution. Genetics 
129:1085-1098 

Mukherjee AB, Rees DM (1970) Spermatogenesis in the mosquito 
Aedes dorsalis. Cytologia 35:213-219 

Mukherjee AB, Rees CM, Mukherjee AB (1970) A comparative 
study of the mosquito karyotypes. Cytologia 35:57-62 

Narang N, Narang S, Kitzmiller JB (1972) Karyological studies 
on four species of Anopheles subgenus Cellia. Caryologia 
25 : 259-274 

Nicolas A, Treco D, Schultes NP, Szostak JW (1989) An initiation 
site for meiotic gene conversion in the yeast Saccharomyces 
cerevisiae. Nature 338 : 35-39 

Nokkala S, Nokkala C (1983) Achiasmatic male meiosis in two 
species of Saldula (Saldidae, Hemiptera). Hereditas 99 : 131-134 

Nokkala S, Nokkala C (1984) Achiasmatic male meiosis in the 
Heteropteron genus Nabis (Nabidae, Hemiptera). Hereditas 
101:31-35 

Nokkala S, Nokkala C (1986 a) Achiasmatic male meiosis of collo- 
chore type in the Heteropteran family Niridae. Hereditas 
105:193-197 

Nokkala S, Nokkala C (1986b) Achiasmatic male meiosis in Antho- 
coris aemorum (L.) (Anthocoridae, Hemiptera). Hereditas 
105:287 289 

Odartchenko N, Pavillard M (1970) Late D N A  replication in male 
mouse meiotic chromosomes. Science 167 : 1133-1134 

Ohno S (1964) Life history of female germ cells in mammals. In: 
Proceedings 2nd International Conference on Cytogenetics. 
Malforma, The National Foundation, New York, pp 36-40 

Ohno S, Makino S (1961) The single-X nature of sex chromatin 
in man. Lancet 1 : 78-79 

Olivieri G, Oliviera A (1965) Autoradiographic study of nucleic 
acid synthesis during spermatogenesis in Drosophila melano- 
gaster. Mutat Res 2:366 380 

Padmore R, Cao L, Kleckner N (1991) Temporal comparison of  
recombination and synaptonemal complex formation during 
meiosis in S. cerevisiae. Cell 66:1239-1256 

Painter TS (1924) Studies in mammalian spermatogenesis. III. The 
fate of the chromatin-nucleolus in the opossum. J Exp Zool 
39:197 247 

Petes TD, Hill CW (1988) Recombination between repeated genes 
in microorganisms. Annu Rev Genet 22:147-168 

Raman R, Das P (1991) Mammalian sex chromosomes. III. Activi- 
ty of pseudoautosomal steroid sulfatase enzyme during sperma- 
togenesis in Mus musculus. Somatic Cell Mol Genet 17:429 433 

Raman R, Singh AP, Nanda I (1988) DNase I nick translation 
in situ on meiotic chromosomes of the mouse, Mus musculus. 
J Cell Sci 90:629-634 

Ribbands CRR (1941) Meiosis in Diptera. I. Prophase associations 
of  non-homologous chromosomes and their relation to mutual 
attraction between centromeres, centrosomes and chromosome 
ends. J Genet 41:411-444 

Richler C, Uliel E, Kerem B-S, Wahrman J (1987) Regions of 
active chromatin conformation in "inact ive" male meiotic sex 
chromosomes of the mouse. Chromosoma 95 : 167-170 

Rishikesh N (1959) Chromosome behavior during spermatogenesis 
of Anopheles stephensi Sensu stricto. Cytologia 24: 447-458 

Roberts PA (1965) Difference in the behavior of eu- and hetero- 
chromatiu: crossingover. Nature 205 : 725-726 

Rouyer F, Simmler M-C, Johnson C, Vergnaud G, Cooke H, Weis- 
senbach J (1986) A gradient of sex linkage in the pseudoautoso- 
mal region of the human sex chromosomes. Nature 319:291 
295 

Sachs L (1954) Sex-linkage and the sex chromosomes in man. Ann 
Eugen 18 : 255-261 

Separovic ER, Chandley AC (1987) Lack of evidence that the 
XqYq pairing tips at meiosis in the mouse show hypersensitivity 
to DNase I. Chromosoma 95:290-294 

Shenkar R, Shen M,  Arnheim N (1991) DNase I-hypersensitive 
sites and transcription factor binding motifs within the mouse 
E/3 meiotic recombination hot spot. Mol Cell Biol 11:1813- 
1819 

Singer-Sam J, Robinson MO, Bellve AR, Simon MI, Riggs AD 
(1990) Measurement by quantitative PCR of changes in HPRT, 
PGK-1, PGK-2, APRT, MTase and Zfy gene transcripts during 
mouse spermatogenesis. Nucleic Acids Res 18 : 1255-1259 

Solari AJ (1974) The behavior of the XY pair in mammals. Int 
Rev Cytol 38: 273-317 

Solari AJ (1977) Ultrastructure of the synaptic autosomes and the 
ZW bivalent in chicken oocytes. Chromosoma 64:155-165 

Solari AJ (1989) Sex chromosome pairing and fertility in the 
heterogametic sex of mammals and birds. In: Gillies CB (ed) 
Fertility and chromosome pairing : Recent studies in plants and 
animals. CRC Press, Boca Raton, Florida, pp 77-107 

Solari AJ (1992) Equalization of Z and W axes in chicken and 
quail oocytes. Cytogenet Cell Genet 59 : 5~56  

Soriano P, Keitges EA, Schorderet DF, Harbers K, Gartler SM, 
Jaenisch R (1987) High rate of recombination and double cross- 
overs in the mouse pseudoautosomal region during male meio- 
sis. Proc Natl Acad Sci USA 84:7218-7220 

Stapleton A, Petes TD (1991) The Tn3 /%lactamase gene acts as 
a hot spot for meiotic recombination in yeast. Genetics 127:39 
51 

Stevens NM (1980) A study of the germ cells of certain Diptera 
with reference to the heterochromosomes and the phenomenon 
of synapsis. J Exp Zool 5 : 359-374 

Stevens NM (1911) Further studies on heterochromosomes in mos- 
quitoes. Biol Bull 20:109-120 



80 

Stoppa-Lyonnet D, Carter PE, Meo T, Tosi M (1990) Clusters 
of intragenic Alu repeats predispose the human C1 inhibitor 
locus to deleterious rearrangements. Proc Natl Acad Sci USA 
87:1551-1555 

Sun H, Treco D, Schultes NP, Szostak JW (1989) Double-strand 
breaks at an initiation site for meiotic gene conversion. Nature 
338 : 87 90 

Sun H, Treco D, Szostak JW 0991) Extensive T-overhanging, sin- 
gle-stranded DNA associated with the meiosis-specific double- 
strand breaks at the ARG4 recombination initiation site. Cell 
64:1155-1161 

Takakubo F, Dahl H-HM (1992) The expression pattern of the 
pyruvate dehydrogenase ELc~ subunit genes during spermato- 
genesis in the adult mouse. Exp Cell Res 199:39-49 

Thomas BJ, Rothstein R (1991) Sex, maps and imprinting. Cell 
64:1~4 

Utakoji T (1966) Chronology of nucleic acid synthesis in meiosis 
of the male Chinese hamster. Exp Cell Res 42 : 585-596 

Wagstaff JE, Klapholz S, Waddell CS, Jensen L, Esposito RE 
(1985) Meiotic exchange within and between chromosomes re- 
quires a common Rec function in Saceharomyces cerevisiae. 
Mol Cell Biol 5:3532-3544 

Weber L, Byers B (1992) A RAD 9-dependent checkpoint blocks 
meiosis of cdc 13 yeast cells. Genetics 131:55-63 

White GB (1980) Academic and applied aspects of mosquito cyto- 
genetics. In: Blackman RL, Hewitt GM, Ashburner M (eds) 
Insect cytogenetics. Blackwell, Oxford, pp 245-274 

White MJD (1933) Tetraploid spermatocytes in a tocust, Schistocer- 
ca gregaria. Cytologia 5 : i35 139 

White MJD (1938) A new and anomalous type of meiosis in a 
mantid, Callimantis antillorum Saussune. Proc R Soc Lond 
[Biol] 125:516-523 

White MJD (1965a) Sex chromosomes and meiotic mechanisms 
in some African and Australian mantids. Chromosoma 16:521- 
547 

White MJD (1965 b) Chiasmatic and achiasmatic meiosis in African 
eumastacid grasshoppers. Chromosoma 16:271-307 

White MJD (1973) Animal cytology and evolution, 3rd edition. 
Cambridge University Press, Cambridge 

Wolf EB (1950) Die Chromosomen in der Spermatogenese der dip- 
teren Phryne und Mycetobia. Chromosoma 4:148-204 

Yen PH, Li X-M, Tsai S-P, Johnson C, Mohondas J, Shapiro 
LJ (1990) Frequent deletions of the human X chromosomes 
distal short arm result from recombination between low copy 
number repetitive elements. Cell 61 : 603-610 


