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Crossing-over and inbreeding depression in attached-X chromosomes of Drosophila hydei ~ 
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Summary. in a white-eyed attached-X chromosome of Drosophila hydei, C(1)RM, w iv �9 w iv (homozygous for white- 
ivory), a spontaneous mutation occurred of w i~ to w a83. Dominance order is w + > W a83 > W iv, where W a 8 3  " W a 8 3  

homozygotes are indistinguishable from w "sa- w i~ heterozygotes. The frequency at which in heterozygotes these 
alleles become homozygous by recombination (homozygosis frequency) was investigated by a progeny test. For any 
locus situated at least 50 map units away from the centromere, the theoretical homozygosis frequency should be 
16.6 %. This value was approximated by our results. However, by selecting heterozygous females over eight genera- 
tions, we observed an unexpected decline in homozygosis frequency as selection progressed. In parallel, the propor- 
tion of males substantially increased throughout the experiment. 
Key words. Homozygosis frequency; inbreeding depression; attached-X chromosomes; Drosophila hydei. 

Anomalous segregation of homologous chromosomes at 
meiosis has provided a powerful tool in genetic analysis. 
'Half-tetrad analysis' in Drosophila melanogaster is espe- 
cially noteworthy because of the important conclusions it 
has led to in classical genetics, but has also been useful 
more recently in intragenic recombination studies. In 
parallel, the introduction of extra chromosomes into a 
genome led to a number of studies on changes in genie 
balance. In Drosophila, chromosome non-disjunction 
(resulting from pairing or segregation failure) is tolerated 
only in the case of the sex chromosomes or the very small 
'dot'  autosomes. 
The term 'half-tetrad analysis' refers to a situation where 
two normally independent homologous chromosomes 
become attached to a single centromere. As a conse- 
quence, the four homologous chromatids resulting from 
meiosis will be recovered two by two conjointly (at- 
tached) instead of randomly. When two X chromosomes 
in normal sequence become attached proximally to the 
same centromere (c) by breakage and reunion in different 
heterochromatic parts, as shown in figure 1, the resulting 
attached-X compound will have the sequence d - p c - 
p - d, thus when it is considered as one chromosome, one 
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Figure 1. Diagram showing the origin of a compound chromosome by 
exchange in heterochromatin. Open circles = centromeres; b lack-  
heterochromatin; white = euchromatin; p, d = proximal, distal. The sec- 
ond, entirely heterochromatic chromosome produced in the exchange is 
lost. 

arm is in reversed order with respect to the other. Hence 
it is termed Compound (1 = X) Reversed Metacentric, or 
C(1)RM. Such a mutant was first discovered in 1921 by 
L. V. Morgan 3. Pioneer investigations of the behaviour 
of attached-X chromosomes during meiosis 4-7 shed 
considerable light on the rules governing recombination 
since two, instead of only one, of the four meiotic prod- 
ucts can be recovered from females. Stocks carrying com- 
pound-X chromosomes attached in various heterochro- 
matin regions have been widely used; they offer the 
advantage that they produce non-crisscross inheritance 
of X-linked genes. In D. melanogaster, investigation of 
recombination in attached-X chromosomes brought one 
of the best proofs that crossing-over occurs between 
chromatids rather than between whole chromo- 
somes 4, S, 9. 

In attached-X chromosomes the frequency with which 
one allele of a heterozygous gene-pair becomes ho- 
mozygous in the following generation (referred to as the 
homozygosis frequency) has been shown to be a function 
of the amount of crossing-over. Anderson 4 first pointed 
out that if the four strands of attached-X chromosomes 
were associated at random, each recessive character 
should appear in one-sixth of the daughters. Sturtevant 
and Beadle 8 later showed that the homozygosis frequen- 
cy for an allele close to the centromere is equal to one half 
of the crossover frequency between the locus and the 
centromere, or is equal to one fourth of the correspond- 
ing exchange frequency. 
The purpose of the present study was to investigate ho- 
mozygosis frequency in attached-X chromosomes of 
Drosophila hydei, since the X chromosomes in this species 
are known to differ from those of D. melanogaster in 
several aspects. For example, D. hydei attached-X chro- 
mosomes have no nucleolus organizer 1~ I~. As the X- 
chromosomal nucleolus organizer region of D. hydei is 
located distally in the very large heterochromatic arm, it 
will generally be excluded in the formation of C(1)RM 
chromosomes 12. Besides, both the chromosome length 
and the gene order differ between the two species. 



Research Articles Experientia 45 (1989), Birkh~iuser Verlag, CH-4011 Basel/Switzerland 1137 

Spencer 13 pointed out that  gene exchanges for all loci 
examined are more frequent in D. hydei relative to D. 
melanogaster. Thus for X-chromosomal  crossover fre- 
quencies, the relative map  lengths as expressed in map  
units or 'cent imorgans '  are in the order  of  2:1. The choice 
of  the white locus was par t icular ly  indicated, as this gene 
appears  to present a high degree of  homology between 
the two species on genetic grounds t4 al though a detailed 
compar ison  on the molecular  level is not  yet available. I t  
is worth  noting that  evolut ionary rearrangements have 
moved analogous genes into different relative posit ions 
in the two species. In D. melanogaster, the white locus is 
si tuated 64.5 map  units away from the centromere near 
the distal end of  the X chromosome,  whereas in D. hydei, 
it is located at a distance of  97.0 map  units away from the 
centromere ~ 5. In D. hydei most of  the a t tached-X chro- 
mosomes that  have been constructed are of  the type 're- 
versed metacentric '~2'16 ~8 

Materials and methods" 
The D. hydei females used in this experiment stemmed 
from the original a t tached-X stock of  Gregg 16, C(1)RM, 
wi~y f t .  wi~yLt/Y, where wiV= white-ivory and y L t =  

yellow-Light. The accessory Y chromosome is indispens- 
able in D. hydei because of  its nucleolar organizer (see 
above). Since this stock is remarkably  stable, that is, 
pract ical ly without  any spontaneous detachments of  the 
X chromosomes,  it was used in various combinat ions  to 
perpetuate  sex-linked mutants  in the male line. In one 
such stock a muta t ion  in a female at the white locus 
spontaneously arose in 1983 with apricot  eye colour 
(w~83), adding to the already long list of  alleles at the 
white locus ~9. 
Females carrying heterozygous at tached-X chromo- 
somes (w "83. w i',) were selected at every generation. 
Each female, when aged 3 - 4  days, was mated in a vial to 
three 5-day-old wild type males. Fresh males were substi- 
tuted in case of  apparent  sterility; otherwise the parents  
were removed when their progeny began to pupate.  
Breeding temperature  was 25 ~ _+ 0.5 ~ Phenotypes of  
the F~ progeny were scored daily for up to 7 days. F r o m  
each generation a few females were retained for selection, 
each from a few distinct progenies that  were thought  to 
contain both w ~ and w a 83 alleles. These selected females 
were individually mated  to 2 or 3 wild type males. This 
procedure was repeated for 8 generations. All  females 
which survived more than 14 days without  producing any 
progeny were designated as 'a t tested sterile', whereas 
those females that  died earlier were designated as 'puta-  
tive sterile', except when a female died within the first 
week after mating;  those cases were presumed to be acci- 
dental  deaths and were not  taken into consideration.  
The new allele, w ~s3, being completely dominant  over 
w ~, heterozygous w ~83- w~ females are indistinguish- 
able phenotypical ly from homozygous  w a 83. w ~ 83 ones. 
In order  to distinguish between the heterozygous 
w ~83. w ~ and the homozygous  w "83. w ~83 genotypic 

consti tutions of  female parents  as judged from offspring 
phenotypes,  the following method of  statistics was used, 
with an arbi t rar i ly  selected probabi l i ty  level at 0.05. 
Mothers  of  progenies which yielded at least 17 w a83 
females and no w iv females were considered homozygous 
w" 83/w" 83, as computed  from the binominal  distr ibution 
assuming a theoretical  ratio of  phenotypes w ~ S3:wi~ = 
5:1 for genes si tuated at a distance of  50 or  more map  
units from the centromere 4. On this basis, the frequency 
of  homozygosis,  as the frequency with which ho- 
mozygous females appeared among the progeny of  het- 
erozygous a t tached-X mothers,  could then be estimated 
in every generation. 
Since there was a possibili ty that  egg-to-adult  viability 
differed between w iv. w i~ and w a83 �9 w "s3 genotypes, a 
control  experiment was conducted separately in order to 
test for possible differential survival rates. Newly 
hatched larvae of  the same age (less than 30-rain-old) 
were deposited with a thin paintbrush in fresh vials at 
two larval densities of  80 and 160 animals per  vial. Both 
the above homozygotes  as well as wild type controls 
(stocks W4-Made i ra  and W5-Ziir ich) were assessed both 
separately and in compet i t ion condit ions and the emerg- 
ing flies were scored daily. Experiments were carried out  
at 25 ~ + 0.5 ~ on yeast-glucose medium (yeast 3 %, 
glucose 6%,  agar  0.5%). 

Results 
Figure 2 shows that  the homozygosis  frequency tended to 
decrease as selection progressed. At  generations 7 and 8 
the surprisingly high estimates remain difficult to ex- 
plain. The linear correlat ion coefficient between ho- 
mozygosis frequency and the progress of  selection 
(r = - 0 . 6 9 3 )  is significant at the 0.05 probabi l i ty  level, 
and at the 0.025 level (r = - 0 . 7 9 0 )  if the exceptional 
value of  generation 7 is left out. 
Because from every generation of  selection a single fe- 
male was retained to contr ibute gametes to the next gen- 
eration, a substantial  inbreeding depression was expected 
to occur. This effect could be est imated by recording the 
females'  fecundity in all successive generations, for both 
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Figure 2. Homozygosis frequency as the number ofw "s3 �9 w ~ females/ 
total number of females over 8 generations of selection. 
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Figure 3. Mean fecundity as measured by the mean number of progeny 
of  w ~83 - w ~83 females (a) and of w ~ . w i" females (b). 

homozygotes w a83 �9 w as3 and heterozygotes w as3 �9 w iv 
separately. Figure 3 shows a strong effect of  inbreeding 
on female fecundity. For  both homozygotes and het- 
erozygotes the correlation coefficients between mean fe- 
male fecundity and selection progress are significant at 
the 0.05 level (r = - 0.701 and r = - 0.649 respectively). 
Besides, the mean fecundity averaged over the 8 genera- 
tions of  selection does not differ between homozygotes 
and heterozygotes ([tl = 0.210, df  = 14, p > 0.5). Simi- 
larly to what was observed with homozygosis frequency 
(fig. 2), one can see in figure 3 that the mean fecund• 
of  both genotypes tended to be surprisingly high at gen- 
eration 7, which might suggest that some degree of  re- 
combination had occurred between loci whose favour- 
able alleles were originally in repulsion linkage. 
Tests on larva-to-adult viability were carried out in order 
to compare the survival rates of  the two different geno- 
types (homozygous at the white locus) as well as to con- 
trol for the possibility of  larval competition between the 
t w o  genotypes. Results presented in table I rule out the 
possibility of  either differential survival rates or competi- 
tion effect between the two genotypic constitutions. At 
both larval densities approximately 50 57 % (one excep- 
tion!) of  the young larvae included in the experiments 
reached the adult stage, but the calculated standard devi- 
ations were relatively high. Still, it must be borne in mind 
that in theory these scores should not exceed 66.6%, 
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Table 1. Comparison of  viability of w" .  w" and w i~- w iv 

Larval  density Genotype % viability (SD) 

80 
160 
160 
160 

160 

w ~ '  w ~ 57.5 ( •  6.4) 
w ~ �9 w" 54.8 ( •  8.9) 
w iv. w ~ + w ~. w" 26,4; 26,4 Tot.: 52.8 

( •  9.4) ( •  9.0) 
wildtype* 96.5 ( •  4.0) 
w i~ �9 w iv 54.3 (4- 7.8) 
w a '  w" 62.1 ( +  12.1) 
w ~ . w iv + w" �9 w ~ 23,9; 26,8 Tot.: 50.7 

( •  4.8) ( •  9.9) 
wildtype * 85.4 ( •  9.1) 

Percentage of  viability (number of  flies reaching adulthood) with stan- 
dard deviations. Larval  densities are given in number  of  larvae deposited 
per tube. * Stocks W4-Madeira and W5-Zfirich. 

since approximately one third of  the larvae deposited 
were expected to be metafemales (XXX) which normally 
fail to survive to the adult stage. 
Interestingly, the sex ratios of  progenies indicated a con- 
sistent trend towards a male bias. This effect was notice- 
able at least in generations 1 - 3  and 8, where the numbers 
of  emerged flies per vial were reasonably close to those 
found in the viability tests (see below). For  the genera- 
tions considered, the sex ratio was 1.55 for progenies with 
less than 25 adults (n = 1115) and 1.36 for progenies with 
at least 70 adults (n = 10 922). Both differ significantly 
from 1 (p < 0.001 using a chi-square test); therefore the 
preponderance of  males does not seem to be density-de- 
pendent. Nevertheless, this bias in sex ratio was not ob- 
served in the viability tests and table 2 shows that in none 
of  the tests performed did the percentage of  adult males 
substantially depart from an expected 50 %. No control 
experiment was performed to determine at which life 
stage(s) some sex-limited lethality might have occurred 
(primary or secondary sex ratios). 
As the genotypic constitution of  the selected females w a s  

inferred from the phenotypes of  their sisters, it was not 
possible to relate the presence of  sterile females to either 
genotype. Table 3 nonetheless suggests that the percent- 
ages of  'attested' sterile (and 'putative'  sterile) females 
slightly increased as selection progressed. Such an obser- 
vation would be in line with the decline in fecundity 
simultaneously observed. 
Once again the exceptional scores at generation 8 (and 
7?) show up the salient situation at the end of  the exper- 

Table 2. Proportions of  males present in the viability tests 

Larval density Genotype % males SD 

80 w ~v. w i~ 46.47 + 4.99 
80 w a- w ~ 50.74 _+ 5.81 
80 w iv �9 w ~ + w ~. w" 53.16 _+ 10.44 
80 wildtype* 49.95 _+ 3.11 

160 w iv �9 w i~ 50.16 4- 6.32 
160 w" �9 w" 54.58 _+ 5.25 
160 w ~v.w i ~ + w  ~ . w  ~ 46.67 • 6.95 
160 wildtype* 53.74 • 5.20 

Percentage of  males/total number  of flies and standard deviations. 
* Stocks W4-Madeira and W5-Zfirich. 
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Table 3. Proport ions of sterile females in generations I 8 of selection 

Gener- No. of ) 'Putative'  % (*) 'Attested'  % (*) 
ation scored sterile sterile 

1 93 0 1 1.08 
2 202 17 8.42 25 12.38 
3 201 48 23.88 13 6.47 
4 209 33 15.79 77 36.84 
5 213 11 5.16 60 28.17 
6 210 28 13.33 92 43.81 
7 186 0 60 32.26 
8 163 0 13 7.98 

(*) Percentage of total number of flies. 

iment, pointing to a sudden recovery of the overall fitness 
of the flies which will be discussed later. 

Discussion 
Testing for homozygosis frequency in a series of succes- 
sive generations was not possible, in our experiment, 
without inbreeding. Hence some degree of inbreeding 
depression was to be expected. The unexpected result was 
a progressive decrease in homozygosis frequency ob- 
served during the selection experiment, for which there is 
no obvious explanation. In D. melanogaster, w ~ mutants 
are known to be connected with the insertion of transpos- 
able elements. A like situation in D. hydei is not to be 
excluded. But instability due to the presence of a transpo- 
son could not account for the results, because transpo- 
son-mediated mutations are far too inlYequent compared 
to regular crossover events. 
A possible explanation may be sought in the genetic 
control of crossover frequency. A number of mutations 
are known to reduce recombination rates although there 
seems to be no a priori reason to expect that our selection 
procedure should have consistently favoured one type of 
allele affecting recombination. Nevertheless, we shall ar- 
gue here that the effect observed most probably resulted 
from the artificial selection applied. Since chromosome 
rearrangements or centromere effects are known to affect 
crossing-over frequencies, one can reason that increased 
overall homozygosis (through the strong inbreeding pro- 
gramme we used) may incidentally have impinged on the 
frequency of recombination. Indeed this may have result- 
ed from a disruption of the balance of the forces which 
tend to increase and decrease the actual recombination 
frequency. There is strong evidence that within-popula- 
tion genetic variance for the frequency of recombination 
exists in the wild 20. Results from artificial selection on 
the recombination rate have indicated for a long time 
that genetic variation controlling recombination is im- 
portant in Drosophila 2 t - 27. As Ebinuma 2 s summarizes, 
the above studies show that recombination is under the 
control of a balanced polygenic system as first described 
by Mather 29 
It is worth noting that if some genetic factor(s) affecting 
recombination did not act so as to lower crossing-over 
rate but so as to enhance it instead, this could equally 

have resulted in a fall of homozygosis frequency because 
of a higher occurrence of double crossovers. Similarly, 
extranuclear factors influencing crossing-over might the- 
oretically also have been responsible for an altered re- 
combination rate. For example Thoday and Boam 3~ 
Lawrence 31 and others have found crossing-over factors 
carried in the cytoplasm; it is therefore possible that 
again our selection procedure resulted in a substantial 
drift for such cytoplasmic factors. Some evidence that the 
selection procedure we used may have resulted in an 
increased level of homozygosity coupled with the fixation 
of alleles affecting the measured traits was provided by 
the abnormalities observed at generations 7 and 8. The 
sudden fluctuations in both homozygosis frequency and 
mean female fecundity might indeed have reflected a 
higher sensitivity of the flies to slight variations of envi- 
ronmental variables such as the age of food, temperature 
and humidity. It is well known that in so far as the 
enzyme activity of a gene is reflected in a measured char- 
acter, homozygotes are expected to maintain an adequate 
level of enzyme activity over a narrower range of envi- 
ronmental variation than heterozygotes. Thus the pheno- 
typic change observed at the end of the experiment was 
probably a direct consequence of the strong inbreeding 
exerted. 
Another possible interpretation of the observed decline 
in homozygosis frequency would take into account the 
age at which parents contributed their gametes to the 
next generation, considering that, as maternal age in- 
creases in Drosophila, crossing-over sometimes tends to 
decrease 32. With respect to this, one could argue that the 
strong inbreeding depression imposed by our selection 
regime resulted in females becoming fertilized increasing- 
ly later in life, as a consequence of a reduced mating 
success, or, alternatively, becoming fertile late because of 
slow maturation. This might then have resulted in the 
production of zygotes from oogonia formed later and 
later in life as selection progressed, therefore exhibiting a 
lower frequency of crossing-over. 
Finally, the male-biased sex ratio observed in the selec- 
tion experiment and not observed in the control experi- 
ment (table 2) can be interpreted by considering the rela- 
tive population sizes of the X chromosomes in females as 
compared to that of the X chromosomes in males. In the 
latter case, at every generation new X chromosomes were 
introduced into the lines of selection while this was not 
the case for the female X chromosomes. Therefore one 
can expect a stronger effect of inbreeding depression in 
females than in males. 
As Berg 33 has pointed out, the X chromosome appears 
to be the chromosome which in D. melanogaster at least 
carries the largest proportion of loci affecting male fertil- 
ity as determined by X-ray induction of fertility mutants. 
In relation to that, Geer et al.34 emphasize that the distri- 
bution of male sterility loci along the Drosophila 
melanogaster X chromosome is similar to the distribution 
of lethal loci, which suggests that there could be many 
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genes that may mutate to forms altering both viability 
and fertility (e.g. events common to mitosis and meiosis). 
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Proliferation of primordial germ cells of frogs stimulated by a fraction of granules derived from Rana 
nigromaculata embryos at the tail-bud stage 
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Summary. A fraction of heavy granules, obtained from embryos of the frog (Rana nigromaculata) at the tail-bud stage 
by centrifugation at 1700 x g, were shown to stimulate the formation or proliferation of the primordial germ cells not 
only of the same species but also of a closely related species. 
Key words. Primordial germ cells; granule fraction; Anura. 

Bounoure 1 proposed that there exists in Rana temporaria 
(Anura, Amphibia) a specifically stained cytoplasm 
(germ plasm) which is closely associated with the deter- 
mination of primordial germ cells (PGCs), and which can 
be traced back from the PGCs in the genital ridges to the 
subcortical layer at the vegetal pole of eggs at the 2-cell 
stage. Since then, similar observations have been report- 
ed in several species of Anura by other investigators 2, 3. 
In addition, Balinsky 4 found, by electron microscopy, 
that germ plasm contains clusters of particularly dense 
bodies. This observation has also been confirmed by oth- 
er investigators a, 3. About ten years ago, Wakahara 5, 6 
attempted to isolate the germinal determinant in Rana 
chensinensis and Xenopus laevis, and he confirmed that a 
certain fraction obtained by centrifugation was able to 
stimulate proliferation of the PGCs. However, he did not 
perform further experiments with respect to this fraction 
and its effects. Up to now, few researchers have succeed- 
ed in isolating the actual germinal determinant(s), even 
though this seems to be a necessary step for an under- 

standing of their function, and of the mechanism of for- 
mation of PGCs. 
The germ plasm cannot be detected in all species of 
Anura during all stages of embryogenesis. In R. nigro- 
maculata and R. brevipoda, the cells containing the germ 
plasm (presumptive PGCs or pPGCs) are scarcely detect- 
able after the neurula stage v, as has also been reported in 
the case of R. esculentaS. In the above mentioned two 
species, it may be relevant that there were PAS-positive 
granules which were not restricted to a certain type of cell 
and which showed similar behavior to the pPGCs in 
terms of distribution in embryos 7. Although such PAS- 
positive granules were present in the migrating PGCs, it 
remains to be determined whether these granules are true 
organelles, or artifacts formed during the preparation of 
samples. If they are actual organelles and are related to 
the formation of PGCs, it is possible that they may be 
concentrated in a certain fraction of granules prepared 
by centrifugation and that they may cause the PGCs in 
larvae into which they are injected to multiply. The pres- 


