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ABSTRACT

The effects of a male-specific meiotic mutant, paternal loss (pal), in D.
melanogaster have been examined genetically. The results indicate the follow-
ing. (1) When homozygous in males, pal can cause loss, but not nondisjunction,
of any chromosome pair. The pal-induced chromosome loss produces exceptional
progeny that apparently failed to receive one, or more, paternal chromosomes
and, in addition, mosaic progeny during whose early mitotic divisions one
or more paternal chromosomes were lost. (2) Only paternally derived chromo-
somes are lost. (3) Mitotic chromosome loss can occur in homozygous pal+
progeny of pal males. (4) Chromosomes differ in their susceptibility to pal-
induced loss. The site responsible for the insensitivity vs. sensitivity of the
X chromosome to pal mapped to the basal region of the X chromosome at,
or near, the centromere. From these results, it is suggested that pal+ acts in
male gonia to specify a product that is a component of, or interacts with, the
centromeric region of chromosomes and is necessary for the normal segregation
of paternal chromosomes. In the presence of pal, defective chromosomes are
produced and these chromosomes tend to get lost during the early cleavage
divisions of the zygote. (5) The loss of heterologous chromosome pairs is not
independent; there are more cases of simultaneous loss of two chromosomes
than expected from independence. Moreover, an examination of cases of simul-
taneous somatic loss of two heterologs reveals an asymmetry in the early
mitotic divisions of the zygote such that when two heterologs are lost at a
somatic cleavage division, almost invariably one daughter nucleus fails to
get either, and the other daughter nucleus receives its normal chromosome
complement. It is suggested that this asymmetry is not a property of pal
but is rather a normal process that is being revealed by the mutant. (6) The
somatic loss of chromosomes in the progeny of pal males allows the construc-
tion of fate maps of the blastoderm. Similar fate maps are obtained using data
from gynandromorphs and from marked Y chromosome (nonsexually di-
morphic) mosaics.

A systematic attack on the genic control of meiosis in D. melanogaster began
with the work of SanDpLER e al. (1968) and LinpsLey et al. (1968). Sev-
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eral successful searches for mutants that disrupt meiosis (meiotic mutants) have
been reported (Sanprer et al. 1968; Sanprer 1971; Bager and CARPENTER
1972) and the effects of many of these, as well as previously known meiotic mu-
tants, have been examined in detail (Davis 1969; Davis 1971; Roesins 1971;
Harr 1972; CarpENTER 1973; Parry 1973; CarpeEnTER and Baxer 1974; Car-
PENTER and SANDLER 1974; WricET 1974; reviewed by Baker and Har1, 1975;
Sanprer and LinpsLey 1974). From the genetic, and in some cases cytological,
analysis of the abnormal chromosome behavior in these mutants, it has been
possible to infer the functions that are specified in the wild-type alleles of these
loci in insuring a normal meiosis.

This paper concerns the characterization of a meiotic mutant, paternal loss

(pal).

TECHNICAL

pal is a second-chromosome, ethyl-methanesulfonate-induced, meiotic mutant
(mei-W5 of SanprLer 1971). Salivary preparations revealed no abnormalties on
the pal second chromosome. A preliminary mapping with respect to Sp J Pin L?
(for a full description of markers and chromosomes used in this study, see Linps-
LEY and GreLL 1968) placed pal approximately halfway between Sp and J (163
unselected chromosomes tested). For a precise localization 130 recombinants be-
tween Sp and J were selected from Sp + J/+ pal + females and tested for the
presence of pal; the results were + pal J = 15,-+ + J = 43, Sp pal + =51 and
Sp -+ + = 21. This places pal at 35.7 on 2L assuming the standard map positions
for Sp and J. (It should be noted, however, that in this mapping, the Sp-7 map
distance was 9.1 (8670 offspring) as compared to a distance of 19 units from their
standard positions. A control cross of Sp + J/+ -+ females gave a Sp—J distance
of 9.3 units (7771 offspring).)

pal is complemented by the second chromosome region 27C-31E inserted into
the Y in 7T(Y;2)B231 and by second chromosome deficiencies for regions 27D-
28C, 28D-29F, 30F-31CD, and 31CD-31DE in segmental aneuploids derived
from the Y;2 reciprocal translocations A171 -+ B66, B104 + A145, L52 + G20,
and G20 + 7166, respectively (Linpsiey and SANDLER et al. 1972). Other defi-
ciencies in the region 27D—31E were either inviable or sterile. This localizes pal
to either region 28C-28D or 29F-30F of the salivary chromosome map.

The meiotic effects of pal have been examined for temperature sensitivity at
18°, 25° and 28° and no alteration in the frequencies or types of abnormal chro-
mosome behavior were found.

BASIC CHARACTERISTICS OF plll

Sex and fourth chromosomes: The effect of pal on the meiotic behavior of the
sex and fourth chromosomes was examined in crosses of y/y*Y'; pal/pal; spar/
spa™* males to y pn/y pn; C(4)RM, ci ey®/0 females. In this cross, nondisjunc-
tion of both the sex and fourth chromosomes is detectable. The products of regular
segregation and nondisjunction at meiosis I are in principle equally recoverable.
Because of their erratic viability, the haplo-4 Minute progeny that result from
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half of all the products of regular fourth chromosome disjunction were not re-
corded in these, or any other, crosses in which they were observed. The results
of this cross (Table 1, cross 1) show that pal causes loss of both sex and fourth
chromosomes; 17.49% of the progeny did not receive a paternal fourth chromo-
some and 2.49% did not receive a paternal sex chromosome. For both chromosome
pairs the data reveal little, if any, excess over background in the frequency of
diplo-exceptional sperm. Thus, pal causes chromosome loss but little, if any, non-
disjunction.

In crosses to free X females, (Table1, crosses 1-3), nondisjunction at the second
meiotic division would give rise to nullosomic sperm that would be recoverable
as well as diplo-X and diplo-Y sperm that would not be detected. (Diplo-X sperm
result in triplo-X zygotes which die and diplo-Y sperm result in male progeny
that are indistinguishable from the regular male progeny.) The occurrence of
second division nondisjunction was detectable in a cross of pal males to attached-
X females that allows the recovery and detection of diplo-X sperm. Only two
diplo-X sperm were recovered (Table 1, crosses 4,5) as compared to 417 nullo-
XY sperm, showing clearly that sex chromosome nondisjunction at the second
meiotic division is very rare in pal males and cannot account for the previous
recovery of only nullo-XY sex chromosome exceptions. Thus the defect in pal
results in loss, but not nondisjunction, of both the sex and fourth chromosomes.

In addition to producing exceptions that failed to receive one, or more, paternal
chromosome, pal also causes somatic loss of the sex chromosomes. For example,
in the progeny of pal males crossed to free-X females (Table 1, cross 1) there
were 3.49, gynandromorphs (XX-X0) and 0.79% y+Y mosaic (XY-X0) pro-
geny. :

Table 1 also reveals that not all chromosomes are equally affected by pal. For
example, in cross 1 the frequency of sperm that are nullo-4 (0.174) is much
greater than the frequency of sperm that are nullo-XY (0.024). Similarly, the
frequency of somatic loss of an X chromosome (0.034) is greater than the fre-
quency of somatic loss of a ¥+Y chromosome (0.007).

These data also show that the loss of sex and fourth chromosomes is not inde-
pendent in pal males. Specifically there is a 1.4-2.1-fold excess of sperm that
failed to receive both a sex and a fourth chromosome over the number expected
if these heterologs were being lost independently (Table 1, crosses 1,4).

Second and third chromosomes: The effect of pal on second and third chromo-
some behavior was examined in crosses of homozygous pal males bearing normal
autosomes by XXY attached-autosome-bearing females (either -+/-+/BSY;
C(2L)RM dp; C(2R)RM cn or +/+/BSY; C(3L)RM,ri; C(3R)RM,sr). In such
females, the ¥ chromosome frequently segregates from both attached autosomes,
resulting in the production of X/B%Y; 0; 0 and X; C(AL)RM;C(AR)RM ova in
approximately equal frequencies (GreLL 1970). In a cross of free autosome males
by such females, the only progeny that survive are those that result from the union
of a gamete that is disomic for the autosome in question from one sex with a
gamete that is nullosomic for that chromosome from the other sex. Thus, while
it is possible to determine if nondisjunction or loss of the major autosomes is
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occurring in pal males, it is not possible to determine the rate. These crosses were
carried out both using single males (14 and 3 2 2 /vial) and en masse (15 8 &
and 45 ¢ 2 /quarter pint bottle). The results did not differ significantly and have
been pooled (Table 2); an analysis of these data is presented in Table 3. Both
nullo-A and diplo-A exceptional sperm (measured as progeny per male) are re-
covered more frequently from pal/pal and pal/SM1 males than they are from
+/+ males. Moreover, although homozygous and heterozygous pal males pro-
duce equivalent frequencies of diplo-A exceptional sperm, nullo-A sperm are re-
covered significantly more frequently from pal/pal males than they are from
pal/SM1 or +/+ controls. Thus pal causes loss of the major autosomes. Since
diplo-A exceptions are produced more frequently by pal/pal and pal/SM1 males
than -/ males, it may be the case that pal causes some nondisjunction of
the major autosomes. However, if this is the case, then pal is a complete dominant
mutant with respect to its effect on nondisjunction and an almost fully recessive
mutant with respect to its induction of chromosome loss. Alternatively, the in-
crease above background in nondisjuncion in pal/pal males and their pal/SM1
sibs may be due to some other locus in the stock.

These crosses also reveal that the somatic loss of chromosomes (X and 4)
caused by pal is more frequent in progeny derived from second or third chromo-
some exceptional sperm than it is among progeny derived from mono-2 mono-3
sperm. Thus, somatic loss of the X chromosome occurs in approximately 3.4—
6.5%, of the zygotes derived from mono-X,2 and 3 sperm (Tables 1, 6),in 16.1%
of the zygotes derived from mono-X,3, nullo-2 sperm, and in 16.09, of the zygotes
derived from mono-X,2, nullo-2 sperm. Similarly, fourth chromosome loss was
observed in only 1.7-3.2% of the progeny derived from second and third regular
sperm (Table 7), but occurred in 14.59% of the progeny derived from mono-3,4
riullo-2 sperm, and in 8% of the progeny derived from mono-2,4 nullo-3 sperm.
The rates of X and fourth chromosome somatic loss are also higher among progeny
derived from diplo-2 or diplo-3 sperm than they are among progeny derived from
mono-2,3 sperm.

In summary, when homozygous in males, pal can cause the loss of any chro-
mosome pair so as to produce progeny that did not receive one, or more, paternal
chromosomes. In addition, pal can cause the somatic loss of chromosomes in the
male’s progeny. That chromosomes differ in their sensitivity to the defect caused
by pal is exhibited by their different frequencies of loss. Finally, the behavior of
heterologs is positively correlated in that: (1) simultaneous losses of two chromo-
somes are more frequent than expected from independence; and (2) when the loss
or non-disjunction of a major autosome has occurred, a subsequent somatic loss of
both sex and fourth chromosomes occurs more frequently than in those cases
where the major autosomes have segregated normally. A discussion of these two
observations will be reserved until a later section.

TIME OF palt FUNCTION

The above data demonstrate that the pal*™ gene product is required at least
germinally in males for normal chromosome segregation. In order to understand
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TABLE 3

Analysis of data presented in Table 2 on the disjunctional behavior
of the second and third chromosomes

# nullo exceptions/
it nulle 3 diplo exceptions
Autosomal exceptions exceptions

Paternal Autosomal exceptions per 100 & parents . (# nullo excepti_ons/)
second —_—— # a3 # diplo # diplo exceptions
chromosomes nullo diplo total parents nullo  diple total (exceptions) in SM? /pal control
Second chromosome data
1. pal/pal 395 227 622 682 579 333 912 1.74 2.42
2. pal/SM1 73 101 174 314 232 322 554 0.72 1.00
3. +/+ 26 44 70 450 58 98 15.6 059 0.82
Third chromosome data
4. pal/pal 169 69 238 769 220 90 310 2.45 1.55
5. pal/SM1 52 33 85 349 149 95 244 1.58 1.00
6. +/+ 28 17 45 495 57 34 91 1.65 1.04

the nature of the function specified by pal* it is necessary to know if the wild-type
gene product is required at other times during the life cycle. Therefore the effect
of pal on female meiosis and on the mitotic cell divisions that produce the adult
cuticle was examined.

The disjunction of X and fourth chromosomes as well as recombination on the
X chromosome was monitored in homozygous pal females. The disjunction of
the X and fourth chromosomes is normal in homozygous pal females (Table 4).
The frequency of recombination in homozygous pal females is slightly less than
that observed in heterozygous pal controls (Table 5). The reduction in recombi-
nation is most severe in the distal region (869, of the control) and least severe
proximally (989, of the control). A tetrad analysis (Table 5) showed that, rel-
ative to the control, there is an increased frequency of no exchange and single
exchange tetrads and a decreased frequency of double exchange tetrads in homo-
zygous pal females. These differences have been observed in all other crosses of
homozygous pal females in which recombination was examined (unpublished
data). This differential reduction in recombination is similar to that observed in
a number of female-specific meiotic mutants (see e.g., review by Baker and

TABLE 4

Sex and fourth chromosome behavior in females

Crosses are y/y; —/—; spab°l/spa?®! females by YSX.YL, In(1)EN, v f B/0; C(4)RM ci
ey®/0 males.

Constitution of female gametes producing recovered progeny
Second chromosome

of females X4 X414 X0 XXA4 04  XX,0 XX44 0,0 044 Total
1. pal/pal 4,907 0 2 4 1 0 0 0 0 4,234
2 /b . 15824 5 8 0 4 2 0 0 1 15,844

* Data from Baxer and CARPENTER (1972).
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TABLE 5

Recombination in females

Crosses are of ¥2cv v fear/y + -+ + -+; —/—; spa?°l/spaP®! females by YSX-YL, In(1)EN,
v f B/0; C(4)RM, ci ey®/0 males. Regionsare (1) cv (2) v (3) f (4) car.

2nd chromosome 2nd chromosome
genotype of females genotype of females
Map distances,
Progeny pal/pal pal/+ region pal/pal pal/+
B/+ ¢ 3323 3464 1 11.92 (0.859)* 13.87
Males 2 21.72 (0.877) 24.77
NCO 1953 1916 3 17.96 (0.932) 19.27
SCO1 363 428 4 6.31 (0.975) 647
SCO2 780 891 sum 57.91 (0.899) 64.38
SCO3 594 614 Tetrad distribution
SCO 4 200 173 E, 0.059 0.031
DCO 1,2 25 34 E, 0.733 0.662
DCO 1,3 77 108 E, 0.197 0.294
DCO 1,4 19 31 E,; 0.010 0.011
DCO 2,3 59 92
DCO 2,4 32 64
DCO 3,4 5 14
TCO 1,2,3 1 3
TCO 1,24 3 1
TCO 1,3,4 0 1
TCO 2,3,4 1 0
Total 3 & 4102 4382

* Map distance relative to that in pal/- control cross.

Harr 1975). Since the locus responsible for the recombinational defect associated
with the pal-bearing second chromosome has not been mapped, it is not clear if
this effect is due to pal or an unrelated female meiotic mutant. The similarity of
the effect to that of known female-specific mutants leads me to suspect that it is
due to a second mutant. Thus, with the possible exception of a very weak effect
on recombination, pal does not affect meiotic chromosome behavior in females.

The effect of pal on chromosome segregation in somatic cells was examined by
crossing heterozygous pal males (y/y+Y; pal/SM1; spar!/spaP®) and females
(v/y; SM1/pal; sparet/spar') and scoring their homozygous pal progeny for
somatic chromosome loss. No somatic losses were observed of either the y+Y
chromosome (1377 homozygous pal male progeny) or an X chromosome (1611
homozygous pal female progeny). Thus, pal* is not required in somatic cells for
normal chromosome segregation. Moreover, the occurrence of somatic losses in
pal™ /pal* progeny of homozygous pal males (Table 2, cross 1) shows that the
occurrence of somatic loss in the progeny of a pal male is not dependent on the
progeny’s genotype at the pal locus.

These experiments then suggest that pal* is only required at some stage in the
male’s germ line and that it is the male’s genotype at the pal locus that deter-
mines the occurrence of somatic losses in his progeny.
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PARAMETERS OF CHROMOSOME LOSS

Parental origin of chromosomes lost somatically: The observation of somatic
chromosome loss in the progeny of pal males suggests two alternatives as to the
nature of the abnormality caused by pal that leads to somatic chromosome loss.
First, palt could act in males to specify a product that is transferred extrachro-
mosomally to the egg and is requisite for normal cleavage divisions. Alterna-
tively, pal* could specify some component of the chromosomes themselves that
is necessary for their normal inheritance and thus pal males would contribute
defective chromosomes to the egg. These two alternatives should be distinguish-
able since, in their simplest forms, the first model predicts that both paternally
and maternally derived chromosomes would be lost somatically, whereas the
second model predicts that only paternally derived chromosomes would be lost.

The parental origin of X chromosomes lost somatically in the progeny of pal
males was examined in a cross of ¥+ car/ytY; pal/pal; spa'/spa*°’ males to
y/y; +/+; -/ females (Table 6, cross 1). Of the 147 gynandromorphs (XX-
XO) recovered, all had patches of phenotypically y tissue. The ¥ tissue was in-
variably male when it encompassed structures that are sexually dimorphic. Thus,
somatic loss of only the paternal X chromosome occurs in progeny of pal males.
Although not indicated in Table 6, in eight of the 147 gynandromorphs (5.5%),
the non-male tissues had some constellation of the characteristics normally asso-
ciated with superfemales (e.g., rough eyes, upturned posterior scutellars, shorter
malformed wings, and twisted third legs) and were therefore probably super-
female-male mosaics (XXX-X0) resulting from somatic nondisjunction of the
paternal X chromosome, Such mosaics have been observed in all crosses involving
pal males at similar, or lower, frequencies. With respect to the progeny of pal
males that have lost the ¥*Y chromosome (e.g., Table 1, crosses 1,4; Table 6,
crosses 1,2), this loss must perforce be of a paternal chromosome as that is the
only source of a ¥ +Y chromosome in these crosses.

The somatic loss of fourth chromosomes in progeny of pal males was looked
for in a cross of pal males carrying the attached-fourth chromosome C(4)RM, ci
ey® /0 by females bearing free fourth chromosomes marked with spa?°?. Somatic
loss of the paternally-derived, compound-fourth chromosome gives rise to tissue
that has the Minute phenotype associated with monosomy for the fourth chro-
mosome. If the haplo-4 patch includes eye tissue, that tissue will be phenotyp-
ically spa?°!. Somatic loss of the maternal fourth chromosome gives rise to diplo-4
(i.e., not Minute) tissue that should express the recessive markers ¢f ey? on the
paternal chromosome when eye or wing tissue is included in the diplo-4 patch.
The results of this cross (Table 7, cross 1) show that somatic loss of fourth chro-
mosomes does occur in progeny of pal males and that only paternally derived
chromosomes are lost. To confirm this result, crosses were carried out in which
the fourth chromosome constitutions of the parents were reversed. These experi-
ments show that the spa?°’ chromosome is lost somatically when it is derived from
a pal father (Table 7, cross 2) and the C(4)RM, ci ey® is not lost when it is ma-
ternally derived (Table 7, cross 3). It should be noted that the estimates of the
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TABLE 7

Parental source of fourth chromosomes lost somatically
Cross 1: y pn/y+; pal/pal; C(4)RM.ci eyR/0 males by y/v; +/-F; spaol/spabol females.
Cross 2: ¥/y+Y; pal/pal; spa?ol/sparel males by pn/pn; ~-/-+; /- females. Cross 3: y/y+Y;
pal/pal; spab°l/spaPot males by y pn/y pn; C(4)RM ci eyR /0 females.

Fourth chromosome

Fourth chromosomes of parents mosaic progeny
Nonmosaic — - Mosaics/
I8 ? progeny 444-440 444-04 4440 Total 108 progeny
1. 44/0 (ci ey®R) 4/4 (.s‘papol) 3972 0* 69+ — 4041 17.1
9. 4/4 (spavol) 4/4 (-+) 1894 — —_ 75% 1969 38.1
3. 4/4 (spaP°l) 44/0 (ci eyR) 11227 —$ 0 — 11227 0.0

* Indicated mosaics plus 44/0 exceptions.

+ Forty-three flies had some head tissue haplo-4 (Minute) and some eye tissue spaP°l; 25 flies
had no head tissue haplo-4 (Minute) and no eye tissue spa?°?; 1 fly had some head tissue haplo-4
(Minute) and no eye tissue spapel,

1 No eye tissue sparol,

§ Not distinguishable from 44/0 nonmosaic exceptions.

frequencies of somatic fourth chromosome loss obtained from these crosses are
minimum estimates because the Minute phenotype used to detect the mosaics
could only be reliably scored in the major head and thoracic bristles; haplo-4
patches that did not encompass these structures would have been missed.

These experiments are consistent with the second model, namely that pal*
specifies a product necessary for the inheritance of normal chromosomes. Thus,
in pal males defective chromosomes are produced which tend to get lost during
the embryonic divisions of their progeny. However, one important qualification
should be noted with respect to this conclusion. The first mitotic division of the
Drosophila embryo is gonomeric (HuerT~NER 1933) (i.e., the parental chromo-
some sets remain separate during the first zygotic cleavage division). Thus, if
all loss occurs at the first mitotic division in the progeny of pal males, the data
showing that only paternal chromosomes were lost would also be consistent with
a slightly modified form of the first model: that pal* specified a product that was
inherited extrachromosomally by the zygote, and functioned for only that region
of the gonomeric first mitotic division that contained the paternally derived chro-
mosomes. To inquire whether this is a valid alternative, one may determine at
which of the embryonic nuclear divisions loss occurs.

Time of somatic chromosome loss: The time of pal-associated somatic chromo-
some loss may be determined if it is assumed that the loss of one of a pair of ho-
mologs at any particular mitotic division will result in an adult that has a mono-
somic patch of tissue whose size is reciprocally related to the cell division at
which the loss occurred. For example, if one of the two daughter cells of the first
mitotic division fails to receive a particular chromosome, one-half of the cells
of the resulting adult should be missing this particular chromosome. Although
it is not possible to examine all cells in a mosaic, it is feasible to determine what
proportion of a selected subset of cells (in this study, the adult cuticle for which
markers are available to determine cellular genotypes) are derived from a cell
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in which loss occurred (see, e.g., STurTEVANT 1929; LEE, KirBy and DEBNEY
1967; Garcia-Berrino and Merriam 1968 for a discussion of these procedures).
In order to circumvent errors that would result from differential limits on cell mul-
tiplication in different tissues, each region of the adult cuticle that is derived from
one imaginal disk, or well-defined part of a disk, is scored as a single point. Thus,
what is scored in a mosaic is the fraction of these parts that is derived from the
cell in which loss occurred. In deriving estimates of the time of pal-associated
somatic loss, the sets of landmarks (structures) of the adult cuticle listed in
Table 13 were used. In determining the proportion of the structures in a mosaic
that failed to receive a given chromosome, parts that received the chromosome
were counted as zero, those that did not receive the chromosome as one, and those
mosaic for the chromosome as one-half.

The data from the analysis of 128 C(7)RM/Y-C(1)RM/0 mosaic progeny
of y/y+Y; pal/pal; spat/spa”®* males crossed to C(1 )RM.y pnv/0;+/+; +/+
or C(1)BRM, y pnv/Y; +/+; C(4)RM,ci ey®/0 females is presented in Figure
1a. The average fraction of nullo-yTY tissue in these mosiacs is 51.79%,, suggest-
ing that mean time of loss of the y+¥ chromosome is the first embryonic nuclear
division. The rather wide variation in the amount of nullo-y+Y tissue may be
due to loss occurring at different times in the mosiacs. However, the distribution
is roughly symmetrical about the mean whereas, @ priori, late losses (small
patches) and multiple losses (large patches) would not be expected with equal
probability. Moreover, even if all loss occurs during just the first nuclear division
a wide variance in patch size is to be expected since only a small fraction of the
cells present at the blastoderm stage are represented by descendants in the adult
cuticle (estimated to be 169 in D. simulans, Garcia-Bervripo and MEerrram
1968). However, these considerations do not rule out the possibility that the oc-
currence of multiple losses within a single fly, as well as losses at later nuclear
divisions, also contribute to the wide variation in the amount of mosaicism de-
picted in Figure 1a. Despite these uncertainties it seems likely that most somatic
loss of the y*+Y chromosome in the progeny of pal males occurs at the first em-
bryonic nuclear division.

A similar analysis of 111 X/Y-X /0 mosaic progeny of X/y+Y; pal/pal males
crossed to X, /X, ¥ females is presented in Figure 1b. In these mosaics the aver-
age proportion of nullo-y+7Y tissue is 51.6% and the distribution is symmetrical,
suggesting that in male as well as female progeny of pal males, the y*+Y chromo-
some is lost primarily at the first embryonic nuclear division.

The amount of male tissue in 389 XX-X0 mosaics was analyzed to determine
the time of X chromosome loss. The mosaicism in these flies was scored using
either a ¥+ paternal X vs. a ¥ maternal X, or a y+ w+ sn* paternal X vs. a
y w sn® maternal X, or a y* w+ snt paternal X vs. ¥ w sn® maternal X. As neither
the mean time of loss (i.e., average fraction of male tissue, Table 8) nor the
variation in the amount of mosaicism differed substantially between the different
series of XX-X0 mosaics, they have been pooled for presentation here (Figure
1c). The average proportion of male tissue in these mosaics is 33.89. This
suggests that X chromosomes derived from pal males are often lost at stages
later than the first embryonic nuclear division. The striking difference between
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Ficure 1.—Distribution of amount of monosomic cuticle tissue in pal-induced sex chromo-
somal mosaics. Arrow indicates mean.
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TABLE 8

Amount of detected male cuticle in gynandromorphs using various markers

Average percent of Number of
Paternal X chromosome Maternal X chromosomes cuticle that is male gynandromorphs
1 car ¥ wsns 37.9 44
2 car v 32.8 157
3 ye v fear ¥ wsn?® 36.5 30
4 y2 v fcar y w snd car 31.8 113
5 pn y wsn® 36.0 45

338  Total =389

these results and those obtained with respect to the time of loss of the y*+Y
chromosome istprobably real and not the result of selection against X0 cells in
XX-X0 mosaics, since in XX-X0 mosaics produced by other methods (e.g., ca™,
In(1)w"®), the average amount of X0 tissue is nearly 50% (reviewed by Harr,
GeLBERT and KaNKEL 1975).

In summary, the mean time of somatic loss of the ¥ chromosome is at the first
embryonic nuclear division, whereas the X chromosome is lost at both the first
and second (and perhaps subsequent) nuclear divisions. The possibility, sug-
gested above, that pal+ might specify an extrachromosomally inherited product
that was required in only that portion of the first (gonomeric) mitotic division
that contained the paternal chromosomes is not supported by the finding that X
chromosomes can be lost at stages later than the first embryonic nuclear division.
However, the alternative model, that pal™ specifies a product that is required for
the inheritance of normal chromosomes, is consistent with these results. More-
over, since the mean time of loss of both the X and Y chromosomes is early, it
must be the case that defective chromosomes either have a very high probability
of loss per mitotic division and are thus quickly eliminated or else that they are
rendered stable very early in zygotic development.

These conclusions are based on the study of chromosome behavior in the
somatic cells that are the progenitors of the adult cuticle. Whether chromosomes
were rendered stable in the germ line of progeny of pal males was also examined.

Virgin XXY-XX0 progeny of pal males (Table 6, cross 2) were crossed to XY,y
B/0; pal*/pal+ males to determine whether the y+¥ chromosome that had been
lost somatically in these females would also be lost in these females’ sons. A total
of 95 y*+Y mosaic females were tested in this manner and, of these, 30 transmitted
the y*Y to some of their sons. Of the 1,241 sons that received the y+Y chromo-
some, none were mosaic. This result, plus the finding that most somatic chromo-
some loss in progeny pal males occurs at the early mitotic divisions of the zygote,
suggests that the defect that causes the loss of chromosomes inherited from pal
males is no longer operative after some early point in the development of the
zygote.

Loss before the first zygotic mitosis: The chromosome losses that produce
exceptions which failed to receive one, or more, paternal chromosomes could, a
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priori, result from loss during the premeiotic (gonial) mitoses, at either meiotic
division, or zygotically in the progeny of pal males at or before the first mitotic
division. That at least some of these exceptions result from postfertilization loss
is shown by the observation that their frequency is dependent on the female
parent. Thus, in crosses of pal males to C(1 )RM,y pn v/0 females, the frequency
of XX0 exceptions is more than twice as great (119 wvs. 69%) as in crosses of
males from the same stock to other females (Table 9). That the increased
frequency of XXO0 exceptions in the cross to C(1)RM.y pn v/0 females is real
is suggested by the observation that somatic loss of the y+Y chromosome is also
increased (3-5-fold) in this cross (Table 9). Furthermore, the increased loss
observed in this cross was reproducible in crosses done over a year apart. (The
data in Tables 9 and 6 are the sum of these two experiments.)

This result that the female parent can influence the frequency of nullo-
paternal XY exceptions, shows that some, if not all, such exceptions are the result
of the loss of paternal chromosomes in the zygote.

CHROMOSOME-SPECIFIC FACTORS INFLUENCING LOSS

The frequencies of loss for different chromosomes are not the same (Table 10),
suggesting that chromosomes differ in some way in their sensitivity to the pal
defect.

The investigation of the causes of the differential sensitivity of chromosomes
1o the pal defect was facilitated by the discovery of an X chromosome (which
happened to carry the marker pn and will be referred to as the “pn chromosome)
that was lost less frequently than other X chromosomes. X-chromosome, somatic
loss (XX-XO mosaics) normally occurs at a frequency of 49, to 6% among the
female progeny of pal males crossed to free-X-bearing females; in similar crosses
of pal males bearing the pn chromosome only 1% of such mosaics are found
{Table 11). Furthermore, exceptions that failed to receive a paternal sex chromo-

TABLE 9
Maternal effect on frequency of loss of paternal chromosome

Crosses of y/y+Y; pal/pal; spaf®!/spa?! males to indicated females.

Frequency of exceptions, percent

Female parent nullo-XY* »+Y mosaic} Total
11 XXy pnv/0; +/+; /4 112 2.49 9,434
28§ XX,ypnv/Y; +/+; C(4)RMcieyR/0 6.88 0.90 8,461
394 ypn/ypn; +/+; C(4)RM,cieyR/0 5.29 0.65 42,408

* Calculated using all flies of the same sex as the nullo-XY exceptions as the denominator.

+ Calculated using all flies that had received the ¥ +Y (i.e., had some y+ cuticle tissue) as the
denominator.

I Data from Table 6, cross 2.

§ Data from Table 1, cross 4.

¢ Data from Table 1, cross 1.
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TABLE 10

Frequencies of loss of sex and fourth chromosomes caused by pal

Chromosome Frequency somatic loss Frequency nullo exceptions
X* 0.034
0.024
yt+Y* 0.007
4+ 0.038 0.174
44t 0.017 —

* Data from Table 1, cross 1.
+ Data from Table 1, cross 1 and Table 7, cross 2.
I Data from Table 7, cross 1.

some also occur at a lower frequency among the progeny of pal males carrying
the pn chromosome. Since the frequencies of nullo-4 and Y-mosaic exceptions
obtained from males with the pn chromosome do not differ from those observed
with pal males with other X chromosomes (Table 11), it must be that the differ-
ence between the pn chromosome stock and other pal stocks is restricted to the X
chromosomes. Cytological preparations of salivary chromosomes and larval
ganglion chromosomes revealed no abnormalities in the pn chromosome. Genetic
tests for translocations involving the pn chromosome were negative. In order
to map the site responsible for the difference between the pn and other X chromo-
somes, females heterozygous for the pn chromosome and a y? v f car chromosome
that had normal levels of loss when inherited from a pal father were constructed.
Forty-two unselected X chromesomes were recovered in male progeny, scored for
v, f, and pnt cart (pn, pn car, and car could not be distinguished and y* was not
scorable because the males carried a 1Y) and stocked (the stocks were recombi-
nant X/y*Y; pal/SM1; spa*'/spa?® males by C(1)DX,y f bb~/y+Y; pal/SM1;
spatt/spart females). To determine the frequency of somatic loss of these X
chromosomes, 10 males from each stock were mass mated to y w sn® car/y w sn?
car; C(4)RM ci ey®/0 females. This cross also allowed the determination of the
genotype of the X chromosome recombinants with respect to y?, pr and car (y? and
pnt were assumed to be inseparable). The results of these tests showed that
the property of high vs. low frequency of somatic X chromosome loss did
segregate (Table 12). As there is no sharp dividing line between high and
low frequencies of X chromosome somatic loss, mapping with respect to
the X chromosome markers was done by (1) taking all chromosomes with
>49, somatic loss( the frequency of somatic loss of the nonrecombinant y2
v f car chromosome) as exhibiting high loss and the rest as low (Table 12,
mapping A); and (2) taking only those X chromosomes with >69, somatic loss
as high and those with <49 loss as low (Table 12, mapping B). Both mapping
procedures placed the site responsible for high vs. low loss proximaly to car. Thus,
the relative insensitivity of the pn chromosome to pal is the result of a difference
between this chromosome and other X chromosomes that is located in the basal
region of the X chromosome. Taken together with the earlier results, these data
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TABLE 12

Mapping of the site responsible for the difference in behavior of the pn and y? v f car
chromosomes in pal males
Data are from 42 unselected recombinants between these two chromosomes; tested as described
in text.

1. Frequency of XX-X0 mosaics in the 42 tested recombinants

Percent Number Percent Number Percent Number
XX-X0 mosaics recombinants XX-X0 mosaics recombinants XX-X0 mosaics recombinants
0.0-1.0 11 4.0-5.0 1 8.0- 9.0 4
1.0-2.0 8 5.0-6.0 3 9.0-10.0 2
6.0-7.0 1 >10.0 5
2.0-3.0 3 7.0-8.0 2
3.04.0 2

II. Segregation of sensitivity-insensitivity to loss with respect to X markers

Segregation of high-low loss site with respect to X markers

Mapping A*, # recombinants Mapping B+, # recombinants

Genotype of recombinants High Low High Low
v -+ v f car 8 0 7 0
+ pn 4+ + 4 2 14 1 14
~+ pn v f car 5 1 5 0
v+ 0 5 0 5
4 pn + f car 1 0 1 0
¥y 4+ v + 4 0 2 0 2
+ pn -+ - car 2 0 1 0
v+ v f 4+ 0 2 0 2

III. Map distances

Interval Mapping A Mapping B
¥ 26 24
v-f 7 8
f-car 10 10
car-sitef 7 3

* High = >49, X/X-X/0 mosaics; Low = <4% X/X-X/0 mosaics. ..
1 High == >69, X/X-X/0 mosaics; Low = <49 X/X-X /0 mosaics.
I Site responsible for difference in somatic loss frequency of prz and ¥2 v f car chromosomes.

suggest, as the most straightforward hypothesis, that pa/* acts in male meiosis
to specify a product that is a component of, or interacts with, the centromeric
region of chromosomes and whose action is required during meiosis for the
inheritance of chromosomes that will segregate normally during the following
zygotic nuclear divisions.

NON-INDEPENDENCE OF CHROMOSOME LOSS

Heterologs are not lost independently in the presence of pal: there are more
nullo-XY, nullo-4 double exceptions than would be expected from independence
(Table 1, crosses 1,4).

To determine if the somatic losses of heterologs were also more frequent than
expected from independence, the somatic loss of the ¥ and fourth chromosomes
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were examined in a cross of ¥/y*Y; pal/pal; spar®'/spar®’ males by XX,y pnv;
+/+; +/+ females. Somatic loss of the y+Y chromosome in the regular (y+)
female progeny of this cross was detected by the appearance of y cuticle patches,
and somatic loss of the fourth chromosome by the appearance of Minute bristles,
indicative of haplo-4 tissue. The results of this cross (Table 6, cross 2) show
that the somatic loss of the ¥ and fourth chromosome is positively correlated; 25
progeny that lost both a ¥ and a fourth chromosome somatically were observed,
whereas only 3.7 such progeny would be expected if the somatic loss of these
heterologs were independent.

An examination of the patterns of mosaicism in the 25 progeny that were
mosaic for both the ¥ and fourth chromosomes (Table 6, cross 2) revealed that
the patches of haplo-4 and nullo-Y tissue were nearly always coincident. Thus,
23 mosaics had only nullo-Y haplo-4 and Y-bearing diplo-4 tissues, indicating
that one daughter cell of the division in which the losses occurred had received
neither a ¥ nor a fourth chromosome whereas the other daughter cell had received
both a ¥ and a fourth chromosome. One of the two remaining mosaics had Y-
bearing diplo-4 tissue, nullo-¥ diplo-4 tissue and nullo-¥ haplo-4 tissue, indicating
loss of the fourth chromosome in the cell lineage in which loss of the ¥ chromo-
some had previously occurred. The final mosaic contained Y-bearing diplo-4
tissue, nullo-Y diplo-4 tissue, and ¥Y-bearing haplo-4 tissue.

To further examine the nonindependence of somatic loss, y+ car/y+Y'; pal/pal;
spa™'/spa™* males were crossed to y/y; +/+4;+/+ females and the incidence
of somatic loss of the X + 4 and ¥ -+ 4 chromosome pairs in their progeny moni-
tored (Table 6, cross 1). These data are much less numerous, and it is therefore
not possible to demonstrate that the somatic loss of the X 4 4, and ¥ -+ 4 chromo-
some pairs are positively correlated. However, in both instances the number of
simultaneous somatic losses of heterologs observed was greater than the number
expected from independence. The number of simultaneous somatic losses
(observed: expected) were 7:4.5 for X + 4 loss, and 4:0.8 for Y + 4 loss. Further-
more, the double somatic losses of the sex and fourth chromosomes in this cross
are again primarily coincident: in six of the sexen X and fourth chromosome
double mosaics there were only X/0; 4/0 and X/X; 4/4 tissues, and in three of
the four ¥ and fourth chromosome double mosaics there were only X/Y; 4/4 and
X/0; 4/0 tissues.

This finding—that the patches of tissue derived from the loss of a sex and a
fourth chromosome in a fly are nearly always coincident—means that not only
are the two heterologs lost at the same cell division, but moreover, that they are
not lost independently of one another with respect to the poles of this division.
That is, if loss were independent, there would be equal frequencies of mosaics
with coincident patches of monosomic tissue and mosaics with reciprocal patches
of monosomic tissue (i.e., diplo-sex chromosomes, mono-4 and mono-sex chromo-
somes, diplo-4). The rarity of the latter type of mosaic suggests that the early
mitotic divisions of the zygote are asymmetric, as least in progeny of pal males.



286 B. S. BAKER

INTERPRETATION

The experiments presented above have demonstrated the following properties
of pal. (1) When homozygous in the male germ line (meiosis?) pal causes an
elevated incidence of loss of all chromosome pairs. (2) Since the maternal geno-
type can influence the frequency of exceptions that appear not to have received
one or more paternal choromosomes, it must be the case that at least some, and
conceivably all, such exceptions arise from loss of paternal chromosomes in the
zygote at, or before, the first mitotic division. (3) In addition, somatic loss of
paternal sex chromosomes occurs during the early zygotic nuclear divisions of
progeny of pal males and results in mosaic progeny. Somatic loss of the fourth
chromosome also occurs. (4) Different chromosomes are lost with different proba-
bilities in the progeny of pal males. These results suggest that palt is required
at meiosis in males for the normal inheritance of paternal chromosomes during
the early zygotic nuclear divisions of their progeny.

Although a great many mechanisms can be envisaged that will lead to chromo-
some loss (e.g., defective centromeric regions, defective spindle apparatus, faulty
chromosome replication, chromosome breakage, etc.), the choice among these
possibilities in the case of pal is sharply restricted by several observations. Thus,
it was shown that different chromosomes are not lost with the same probability in
the progeny of pal males and, in the case examined, the difference resides at or
near the centromere. This sirongly suggests that the function specified by pal*
is concerned in some manner with chromosome movement.

There are two general classes into which functions involved with chromosome
movement can be divided: those that specify part of the cytoplasmic apparatus
concerned with disjunction (“spindle apparatus”), and those that ensure the
proper structure and functioning of the chromosomal elements that mediate
disjunction.

That pal* specifies a component of the spindle apparatus is rendered unlikely
by the observations that somatic chromosome loss in the progeny of pal males
can occur later than the first zygotic nuclear division and its occurrence is
restricted to paternal chromosomes. At the second zygotic division, the parental
chromosome sets are no longer separated as they are during the gonomeric first
division and thus it seems likely that a defect in the spindle apparatus at the
second and subsequent divisions would affect maternal as well as paternal
chromosomes. It is possible to imagine, however, that (1) the paternal and
maternal chromosome sets normally differ in some manner; (2) this difference
renders the maternal chromosomes insensitive to a defective component of the
spindle apparatus that is contributed to the zygote by pal males; (3) the centro-
meric region of a paternal chromosome determines the frequency with which it
will get lost in a cell with a defective spindle apparatus; and (4) the pal+ speci-
fied paternal component of the spindle apparatus functions only during the first
few (possibly only the first two) mitotic divisions of the zygote. Although this
model is consistent with the observations on chromosome behavior in pal males
reported here, there are, to the best of my knowledge, no independent data avail-
able that support the occurrence of the processes assumed to exist by this model.
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The report of HuertNER (1933) that centrioles are inherited only through the
sperm (and, thus, a candidate for the site of pal action under this model) is
brought into serious question by the failure to observe centrioles with the electron
microscope in mature spermatids of a number of insect species (PrirLrLips 1970).

An alternative model, and the one that I favor since it requires fewer ad hoc
assumptions, is that pal* functions during male meiosis and specifies a product
that is a component of, or interacts with, the centromeric region of chromosomes.
In pal males this function is abnormal and, as a result their progeny inherit
chromosomes with defective centromeric regions that consequently have some
probability of being lost. It should be noted that such a defect may be in either the
structure of the centromere itself or in some property of the adjacent centric
heterochromatin. That is, in D. melanogaster centromeric regions of different
chromosomes differ in “strength” as measured by the behavior of anaphase
bridges (Novitski 1955) and these differences in kinetic activity are attributable
to the constitution of the heterochromatin adjacent to the centromere (LiNpsLEY
and Novitskr 1958). Moreover, these normal differences in the kinetic activity
of centromeric regions of various chromosomes suggest a possible reason for the
chromosome-specific frequencies of loss observed in pal males.

There are several possible modes by which defective chromosomes could be
produced in pal males. Most directly, since centromere behavior at meiosis I is
unique (sister centromeres orient to the same pole and remain held together
throughout the first meiotic division) it is reasonable to expect loci to exist that
function only during meiosis to control the behavior of centromeric regions. In
fact, mutants are known in the tomato (CrayBERG 1959) and in D. melanogaster
(Davis 1971) that appear to be in loci whose functions are to hold sister centro-
meres together between the first and second meiotic divisions. Thus it is possible
that pal* specifies a product that is directly involved in ensuring the normal
functioning of centromeric regions. The possibility of a more indirect mechanism
for pal-induced chromosome loss is suggested by the demonstration in a number
of plant species that chromosomes which are univalent at meiosis I frequently
lag during this division as well as the subsequent reductional division and, in
addition, often give rise to isochromosomes and telocentrics by misdivision of the
centromere. The resulting iso- and telochromosomes in turn tend to lag or to be
lost in the' subsequent mitotic divisions of the embryo (e.g., Rumoabes 1940;
Darvineron and Janaki-Ammar 1945; STEINETZ-SEARs 1966). Thus, a defect
in meiosis I of pal males such that chromosomes sense themselves as being uni-
valent at this division could account for the observed loss at subsequent divisions.
It seems unlikely, however, that chromosome misbehavior in pal males is the
result of centromere misdivision, since tests for the production of new isochromo-
somes by pal males gave negative results (Bager 1972). In addition, tests of five
diplo-4 and one diplo-X exceptional progeny of homozygous pal males showed
that these exceptions all resulted from nondisjunction and not from the formation
of isochromosomes,

In summary, it seems reasonable to suggest that palt acts during meiosis I in
males to specify a product that is necessary for the normal structure of centro-
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meric regions during this division. In homozygous pal males, chromosomes with
defective centromeric regions are produced. The chromosome loss observed in the
progeny of pal males would then result from the inheritance of these defective
chromosomes.

There are two aspects of nonindependence in the behavior of heterologous
chromosome pairs in pal males that require consideration. Firstly, by examining
the behavior of two chromosome pairs in pal males, it was shown that the simul-
taneous loss of heterologs is more frequent than would be expected from inde-
pendence. Secondly, when the simultaneous somatic loss of marked ¥ and fourth
chromosomes occurs, it is found that their loss is not independent with respect to
the plane of the cell division in which the losses occur: almost invariably one
daughter cell failed to receive both a ¥ and a fourth chromosome, whereas the
other daughter cell received a normal chromosome complement. The latter result
implies that the early mitotic divisions of the zygote are asymmetric, at least in
the progeny of pal males.

These same two patterns on nonindependence were also observed in studies
of the meiotic mutant claret (ca) in D. simulans (STurTEVANT 1929) and the
homologous mutant (claret nondisjunctional, ca™?), in D. melanogaster (Davis
1969). Both of these mutants act only in females and cause high frequencies of
nondisjunction of all chromosome pairs at meiosis I, as well as the loss of maternal
chromosomes during meiosis and the early zygotic nuclear divisions. The somatic
loss of heterologs is positively correlated. Moreover, STurTEVANT (1929) found
that among 27 cases in which somatic losses of both an X and a fourth chromosome
had occurred, there were 21 cases in which the losses occurred at the same cell
division and one daughter cell failed to receive both chromosomes, whereas the
other daughter cell received the normal chromosome complement. In the
other six cases, the clone of cells that was lacking a fourth chromosome was
entirely within a larger clone of cells that had failed to receive an X chromosome.
Thus, in these six cases the loss of heterologs also occurred in the same cell lineage
in the zygote, although at different cell divisions. The same asymmetry is
observed in cases of simultaneous X and 4 somatic loss in the progeny of ca™
females (Davis, personal communication). At this time, it is not clear whether
the primary lesion in ca™ is in the spindle apparatus, as suggested by Davis
(1969), or in the structure of the chromosome (Baker and Harx 1975).

One possible explanation for the lack of independence in the disjunctional
behavior of heterologs in the ca mutants (Davis 1969) and pal is that there exists
a cell-to-cell heterogeneity in the conditions that lead to nondisjunction. Such a
heterogeneity could exist either at the time these genes function (thus, some
melocytes would be more defective than others), or in the conditions present at
the time losses and nondisjunctions occur (that is, a previously caused defect
would be more or less likely to cause chromosome misbehavior as a function of
the cellular environment in which the chromosomes found themselves). The first
model would seem to be favored by the observations that, in all of these mutants,
the probability of loss of a chromosome at one division is correlated with the
behavior of heterologs at previous divisions. Thus, in the case of pel, somatic
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losses of the X and fourth chromosomes are more frequent in cells in which
a major autosome has previously nondisjoined or been lost than it is among
cells in which the major autosomes segregate normally (Tables 1 and 2). Simi-
larly, Davis (1969) noted that the frequency of somatic loss of the X chromosome
in progeny of ca"® females differed between ova that were diplo-4, mono-4 and
nullo-4. However, as Davis pointed out, this model predicts, in the case of ca™,
a different array of gametes from that observed. For example, if nondisjunction,
in the absence of loss, of the X and fourth chromosomes is considered, this model
allows for an excess of X-4 double exceptions above expectations from independ-
ence, but predicts equal frequencies of the four types of double exceptions
(nullo-X, nullo-4; nullo-X, diplo-4; diplo-X, nullo-4; and diplo-X, diplo-4 ova).
However, the data exhibit marked deficiencies of those classes of ova that are
simultaneously nullosomic for one chromosome pair and disomic for the other.
This coincident recovery of identical disjunctional types for heterologous chromo-
somes is reminiscent of the asymmetry observed in cases where two heterologs
are lost at the same somatic cell division. There it is almost invariably observed
that, when two chromosomes are lost in one somatic cell division, one daughter
cell fails to get either and the other daughter cell receives the normal chromosome
complement.

There seem to be two possible explanations for this asymmetry. On the one
hand, these mutants could either directly cause, or indirectly elicit, the occurrence
of an assymetry that is not normal. Thus the assymetry would be the result of the
nature of the defects caused by the mutants. For example, it is possible to imagine
that the chromosomal material inherited from the parents is defective in a manner
that leads to the orientation of all defective chromatids in a cell to one pole of the
division; however, it is not easy to construct a plausible mechanism to bring this
about. On the other hand, the observed asymmetry of somatic chromosome loss
may be due to a normal asymmetry in the process of chromosome disjunction.
The existence of such an asymmetry as a normal part of mitotic chromosome dis-
junction is perhaps supported by the finding of such an asymmetry in all three of
these mutants. Evidence for a normal asymmetry in chromosome segregation
that could lead to the results ocbserved with these mutants has been presented in £,
coli (Jacos, Ryter and Cuzin 1966), and in several eukaryotes (Lark, CoNsIGLI
and MinocHA 1966; Lark 1967, 1969), where it has been suggested that DNA
strands that are synthesized during one round of replication segregate to the same
daughter cell at subsequent cell divisions. Evidence suggesting that DNA strands
made at the same time do not segregate together at subsequent divisions has also
been presented (Heppik et al. 1967). Nevertheless the asymmetry observed in
somatic chromosome loss in the progeny of pal males and ca and ca™® females is
understandable if there exists a normal process in Drosophila that segregates at
least the centromeric regions made in one division to the same pole at subsequent
cell divisions (Figure 2).

APPENDIX

The utility of mosaics for studying problems in Drosophila development was first noted by
STurTEVANT (1929), and they have subsequently been employed to approach a number of prob-
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Frcure 2.—Chromosome behavior during meiosis and the first cleavage division of the zygote.
Depicted are the consequences of (1) independent segregation of heterologous centromeric re-
gions made at the same time, and (2) segregation of heterologous centromeric regions made at
the same time to the same pole at subsequent cell divisions. The latter mode of segregation pro-
vides a mechanism for generating the observed coincident pattern of loss of heterologous chro-
mosomes derived from pal males. Centromeric regions defective due to pal are indicated as un-

shaded half-centromeres (O).

lems. Mosaic individuals have, for example, contributed greatly to our understanding of cell
lineage relationships in developrent, the time, site, and nature of gene action, and the processes
involved in determination and differentiation (for reviews see Noraicer 1972; Gemring 1972;
Garcia-Berro 1972; BrRyanNT 1974 PosTLETHWAIT and SCHNEIDERMAN 1973).

There are at present three genetic techniques available for generating mosaic individuals.
These are: (1) somatic crossing over (STern 1936; Brcrer 1975); (2) unstable ring-X chromo-
somes (Hinrtonw 1955; Paszror 1971); and (3) mutants that cause chromosome loss during the
early cleavage mitoses (ca®—Davis 1969; mit—GzLsarT 1974). (For a review of mosaic systems
in Drosophila see Harr, GerarT and KangeL 1975.) The mosaics generated by chromosome
loss differ from those that arise from somatic crossing over in that chromosome losses can be gen-
erated at only the first few cleavage divisions (thus making mosaics with large patches), whereas
somatic crossing over appears not to be inducible before blastoderm (thus only relatively small
patches can be obtained).

The finding that pal causes the loss of paternally-derived chromosomes during the early
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cleavage divisions of progeny of pal males makes available another method for producing mosaics
via chromosome loss. Moreover, since all paternal chromosomes appear to be subject to somatic
loss in the progeny of pal males, it is possible to use pal to make mosaics for any chromosome
for which aneuploidy is compatible with survival. Although this limits mosaics for normal
chromosomes generated by this method to the X, ¥ and fourth chromosomes, mosaics for regions
of interest on the major autosomes can be generated by using appropriate rearrangements (e.g.,
free duplications or translocations) in pal males (HarL and KaNgEL, personal communication;
Baker, unpublished results). While ca®® and mit can be used in analogous ways to generate
mosaics, ca™® has the disadvantage of being relatively infertile and not all chromosomes are
subject to miz-induced loss. As pointed out by GrrLsart (1974), mit does have the benefit for
some uses that chromosome loss of both maternal and paternal chromosomes. occurs in the
progeny of mit females and thus it is not necessary to introduce a chromosome into a mit stock
10 cause its loss.

An analysis of such mosaics allows construction of fate maps of the embryo (Garcia-Berrino
and Merriam 1969). Since ¥ chromosome mosaics (either X/Y-X/0 or XX/Y-XX/0) do not
alter sex, a comparison of the fate maps constructed from such pal-induced mosaics to each other
and to the fate map derived from pal-induced gynandromorphs permits us to inquire whether sex
or sexual dimorphism alters embryological relationships. A comparison of these fate maps to those
derived from unstable ring-X, ca®® and mit-induced gynandromorphs allows us to determine
whether the embryology is disturbed by the lesions used to induce loss.

From crosses involving pal males carrying a y+Y by females having free-X chromosomes
marked with y, drawings of 129 X/Y-X/0 mosaic males representing 258 sides were obtained.
Crosses of similar males to attached-X, ¥ pn v females yielded 123 XX /¥Y-XX /0 mosaic females
(246 sides) whose patterns of  and - tissue were recorded. Drawings of X/X-X/0 mosaics were
made from crosses of pal males carrying a y+ w+ snt+ X chromosome to females bearing either
¥ X chromosomes (149 gynandromorphs) or ¥ w sn® X chromosomes (207 gynandromorphs) for
a total of 712 sides. Sex chromosome mosaics that were simultaneously haplo-4 Minute mosaics
have been excluded from these data since Minute tissue is at a growth disadvantage in mosaics
Morata and Rirorw 1975; Garcia-BerLLrpo, RrpoLr. and Morata 1973).

For each mosaic the phenotypes of a set of structures (landmarks) on the adult cuticle were
recorded. The landmarks scored for the three types of mosaics are listed in Table 13. Also
indicated in Table 13 are the frequencies with which each landmark was observed to be derived
entirely from cells that did not have the paternal chromosome for which the fly was mosaic, as
well as the frequency of mosaicism within each landmark. Within each type of mosaic the proba-
bilities of different structures being monosomic are comparable. However, as noted above, the
probability of a landmark being monosomic differs between cases of ¥ chromosome loss (0.48)
and X chromosome loss (0.33).

The procedure used to transform such data into a two-dimensional map of the location, on
the blastoderm surface, of the cells that are the progenitors of these landmarks has been recently
described and the assumptions behind the procedure discussed (Garcia-Berripo and MERrIAM
1969; Horra and Benzer 1972). The crucial assumptions are that: (1) orientation of the cell
division at which loss occurs is random with respect to the surface of the egg; (2) loss occurred
only once in the cell lineage of each mosaic; (3) daughter nuclei remain together during the
preblastoderm divisions; (4) the site a nucleus occupies on the blastoderm determines its fate;
and (5) there is no difference between the growth rates of cells of different genotypes in mosaics.

With these assumptions, the distance between two sites on the surface of the blastoderm is
proportional to the frequency with which mosaic boundaries fall between them. To avoid assump-
tions about the spatial arrangement of sites on the blastoderm in order to determine the frequency
with which they are separated by mosaic houndaries, it is assumed that if two landmarks in the
adult differ in genotype, at least one (or a higher odd number of) mosaic boundaries fell between
their progenitor cells in the blastoderm. Thus the metric used to measure distances is the fre-
quency with which a pair of landmarks differ in genotype.

To obtain these frequencies for the three series of pal-induced mosaics, a computer program
was employed that took all pairwise combinations of landmarks and tabulated the number of
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TABLE 13

Structures scored in mosaics and the frequencies with which they are derived
from monosomic and mized cell populations

Frequency of monosomy Frequency of mosaicism
Structure* X/Y-X/0 XX/Y-XX/0 X/X-X/0 X/Y-X/0 XX/Y-XX/0 X/X-X/0
ar 480 399 333 —t —_ —_
pa 473 A1 .323 — —_ —_
or 493 374 344 — — —
oc 492 403 349 — —_ —
iv 488 374 347 — — —
ov 489 382 349 — — —
pv 496 407 .348 — — —
e — — 207 — — 077
vb 473 409 325 .000 .004 000
w 459 482 366 142 159 .093
11 463 492 348 074 049 .057
12 439 514 350 .028 .061 045
13 512 549 .358 023 044 .028
hu 523 509 354 .015 .000 010
asc 500 483 366 — — —
psc 499 488 367 — — —
adc 489 504 .353 —_ — —
pde 497 496 366 —_ — —
sp 483 535 362 016 .037 017
apa 477 512 342 — — —_
asa 458 492 346 — — —_
anp 458 492 346 —_— — —
ppa 477 525 346 — — —
psa 454 491 345 — — —
pnp 442 480 350 — — —
ps 458 484 346 — — —
t2 517 512 382 .068 045 .035
s2 477 498 328 .008 .000 .014
t3 519 557 399 .034 044 040
s3 495 506 355 .003 012 007
t4 569 594 394 .060 .037 .038
s4 545 533 377 012 016 .009
t5 556 596 401 .066 .053 055
s5 551 559 376 .008 .020 009
t6 565 626 404 .089 .028 034
s6 — 542 384 —_ 016 .000
17 — .598 420 —_ .008 .006
gt 392 — — — — _
gs 543 407 320 — — .087

* The abbreviations used are: adc, anterior dorsocentral bristle; anp, anterior notopleural
bristle; apa, anterior postalar bristle; ar, arista; asa, anterior supra-alar bristle; asc, anterior
scutellar bristle; e, eye; gs, genital sternite; gt, genital tergite; hu, humeral bristles; iv, inner
vertical bristle; 11, first leg; 12, second leg; 13, third leg; oc, ocellar bristle; or, orbital bristle;
ov, outer vertical bristle; pa, palp; pdc, posterior dorsocentral bristle; pnp, posterior notopleural
bristle; ppa, posterior postalar bristle; ps, presutral bristle; psa, posterior supra-alar bristle; psc,
posterior scutellar bristle; pv, post-vertical bristle; s2, etc., second abdominal sternite, etc.; sp,
sternopleural bristles; 2, etc., second abdominal tergite, etc.; vbh, vibrissae; w, wing.

+ Indicates not scored.
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times each pair of sites differed in genotype. Cases in which two landmarks differed in genotype
were counted as one and cases in which one landmark was mosaic and the other not as one-half.
The frequency with which each pair of landmarks was separated by a mosaic boundary was
obtained by dividing this sum by the total number of comparisons. The distances thus obtained
have been designated Sturtevant Units or Sturts (Horra and Benzzr 1972) where one Sturt
represents the probability that, among all mosaics in a series, two landmarks will differ in
genotype 19 of the time.

In these conmstructions, the fate maps of the head, thorax, and abdomen were constructed
separately and then positioned relative to each other by a few triangulations. One-half of the
distance between homologous parts on the left and right halves of the fly was used to estimate the
distance from that part to the midline. The set of points on the midline thus generated were
connected to give the closed curves in Figure 3. This procedure, which uses, whenever possible,
short distances to construct fate maps minimizes the errors that are introduced (1) by cases in
which more than one mosaic boundary separates two landmarks (which are unrecognized since
only the landmark’s genotypes are scored) and (2) the approximation of the distance between
twa points on the curved blastoderm surface by a straight line (since the approximation of an
arc between two points by a subtending straight line improves as the distance between the two
points decreases).

The fate maps derived by this procedure are presented in Figure 3. The location of the
structures on the blastoderm surface is consistent with the known embryology of Drosophila
(Poursow 1950). The fate maps derived from pal-induced mosaics are also in agreement with
tate maps produced from gynandromorphs caused by unstable ring-X loss (HorTa and BENZER
1972) or the mutants ca (Garcia-Berro and Merriam 1969) and mit (GerBarT 1974), sug-
gesting that the embryological relationships are not disturbed by the lesions used to induce
chromosome loss. Finally, the near identity of the fate maps derived from pal-induced X/X-X/0,
X/Y-X/O and XX/Y-XX/O mosaics (Figure 3) demonstrates that the fate map of the blasto-
derm is independent of sex and sexual dimorphism.

I would like to thank Dgs. L. SanprLer and A. T. C. CarPENTER for stimulating conversations
and thoughtful suggestions during the course of this work and Drs. J. FELsENsTEIN and M.
Smvmons for their help with the computer analysis of the mosaic data.
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