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ABSTRACT

In Drosophila melanogster females the segregation of nonexchange chromosomes is ensured by the
distributive segregation system. The mutation rod” specifically impairs distributive disjunction and
induces nonexhcange chromosomes to undergo nondisjunction, as well as both meiotic and mitotic
chromosome loss. We report here the isolation of seven recessive X-linked mutations that are allelic
to nod®. As homozygotes, all of these mutations exhibit a phenotype that is similar to that exhibited
by nod* homozygotes. We have also used these mutations to demonstrate that nod mutations induce
nonexchange chromosomes to nondisjoin at meiosis 11. Our data demonstrate that the effects of nod”
on meiotic chromosome behavior are a general property of mutations at the nod locus. Several of
these mutations exhibit identical phenotypes as homozygotes and as heterozygotes with a deficiency
for the nod locus; these likely correspond to complete loss-of-function or null alleles. None of these
mutations causes lethality, decreases the frequency of exchange, or impairs the disjunction of exchange
chromosomes in females. Thus, either the nod locus defines a function that is specific to distributive

segregation or exchange can fully compensate for the absence of the nod™ function.

WO parallel systems function to disjoin chromo-
somes in female meiosis of D. melanogaster. The
primary means of ensuring homologous disjunction is
an exchange-mediated system that uses chiasmata to
segregate homologous chromosomes (for reviews see
BAKER and HALL 1976; HAWLEY 1988). The other is
the distributive system that disjoins those chromo-
somes that have failed to undergo exchange (reviewed
by GRELL 1962, 1976). Although distributive disjunc-
tions are as reliable as those governed by the ex-
change-mediated system, the distributive system is
exchange-independent.

Systematic searches for meiotic mutants in D. mela-
nogaster have provided a means to dissect the meiotic
processes (BAKER and HALL 1976). Four mutations
have been shown to affect the distributive system: mei-
S$51, (RoBBINS 1971); ald (O'Tousa 1982); Axs (Z1-
TRON and HAWLEY 1989) and nod (CARPENTER 1973).
Studies of these mutations have led to a three-stage
model of distributive segregation (CARPENTER 1973;
O’Tousa 1982): (1) identification of nonexchange
chromosomes; (2) choice of disjunctional partners;
and (3) orientation and segregation.

The first step in this model is defined by the ald
mutation. In ald females X chromosomes that have
undergone exchange enter the distributive system at
a high frequency (O’Tousa 1982). The second step
in this process, namely partner choice, is defined by
the ald, Axs, and mei-§51 mutations (ROBBINS 1971;
O’Tousa 1982; ZiTRON and HAWLEY 1989). All of
these mutations induce or allow incorrect or nonho-
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mologous segregation events, such as disjunctions of
the X chromosomes from the small fourth chromo-
somes, to occur at high frequencies. The third step in
this process, disjunction, is defined by the nod” muta-
tion (CARPENTER 1973).

nod® 1s a female-specific recessive mutation that
maps between v and m on the X chromosome and has
been precisely localized to position 10C2-3 on the
standard polytene map (BAKER and CARPENTER 1972;
CARPENTER 1973; VOELKER et al. 1985). The most
dramatic effect of nod® on female meiosis is on the
disjunction of the always nonexchange fourth chro-
mosomes. Fourth chromosome nondisjunction fre-
quencies approach 90% in nod®/nod* females and the
vast majority of the exceptional gametes are nullo-4
ova. CARPENTER (1973) also observed 3% X chromo-
some nondisjunction in nod*/nod® females. These ex-
ceptional ova result from random X chromosome dis-
junction in those meiocytes in which the two X chro-
mosomes had failed to undergo exchange. Both the
frequency of exchange and the disjunction of ex-
change bivalents was shown to be unaffected by the
nod” mutation. These data argue that the nod* muta-
tion defines a locus whose function is limited to the
distributive system.

Based on an analysis of secondary nondisjunction in
nod*/nod*® females, CARPENTER (1973) concluded that
nod does not impair the process of partner choice
within the distributive system, but rather specifically
affects the disjunctional process per se. The term sec-
ondary nondisjunction refers to a process whereby the
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nonexchange X chromosomes borne by XXY females
segregate from the ¥ chromosome rather than from
each other (BRIDGES 1916). XX<Y segregations pre-
sumably result from the formation of a trivalent in
which each arm of the metacentric ¥ chromosome
segregates from one of the acrocentric X chromo-
somes (COOPER 1948). As a consequence of trivalent
formation two meiotic events occur, coorientation of
the two X chromosomes (i.e., a commitment to segre-
gate to the same pole at meiosis I), and the segregation
of the two cooriented X chromosomes from the Y
chromosome. Using females with normal sequence X
chromosomes, CARPENTER (1973) demonstrated that
only the latter process is ablated in the presence of
nod. X chromosomal coorientation still occurs nor-
mally. Carpenter interpreted this observation to mean
that proper trivalent formation occurs even in the
presence of the nod mutation (allowing normal coor-
ientation), but that the actual XX<Y segregation event
is randomized.

CARPENTER (1973) also demonstrated that nonex-
change chromosomes derived from nod®/nod® moth-
ers were occasionally mitotically unstable, resulting in
the production of mosaic offspring in which some
lineages had lost the maternal X or fourth chromo-
some. nod-induced mitotic chromosome loss is re-
stricted to nonexchange chromosomes and deter-
mined solely by the maternal genotype with respect
to nod (i.e., the frequency of nod induced mitotic loss
is not influenced by the zygotic genotype at the nod
locus).

In this report we describe the isolation and charac-
terization of seven additional alleles of nod. We dem-
onstrate that the aberrant chromosome behavior(s)
observed in females carrying these nod alleles is lim-
ited to nonexchange chromosomes, and that the pleio-
tropic effects on meiotic and mitotic chromosome
segregation (high frequencies of meiotic nondisjunc-
tion and loss of nonexchange chromosomes and sub-
sequent mitotic loss) are general properties of all nod
alleles. Finally we discuss several possible functions
for the wild type product of the nod™ locus.

MATERIALS AND METHODS

Genetic stocks: With the exception of the nod mutation,
the FM7a balancer chromosome (referred to here as FM7)
and Df{I)nod, all mutations referred to in this report are
described in LINDSLEY and GRELL (1968). The phenotype
of the nod® mutation (CARPENTER 1973) is described fully
in the text. The stock used in these studies was obtained
from A. T. C. CARPENTER.

FM?7 is a multiply inverted X chromosome balancer
comprised of In(1)1B2-3;20F + In(1)4D7-E1;11F2-4 +
In(1)15D-E;20A-E (LINDSLEY and ZiMM 1987). This chro-
mosome was derived as a result of crossing over in an FM6/
In(1)Sc® + In(1)d1-49 female and is marked with y*'¢, sc®,
w®, v¥ and B. The structure of this chromosome is dia-
grammed in Figure 1. When heterozygous with a normal

sequence X chromosome, this chromosome strongly sup-
presses the occurrence of exchange, as evidenced by fre-
quencies of secondary nondisjunction which exceed 70% in
FM7/X/Y females (Z1ITRON and HAwLEY 1989; R. S. Haw-
LEY, unpublished results).

Df(I)nod is a deletion from 10B10-12 to 10C3-4 induced
on the FM7 chromosome. This deletion encompasses several
vital genes as well as nod“. Both the lethality and the nod
phenotype of this deficiency are fully covered by B* v ry*
(LEFEVRE 1971), a Y chromosome carrying an X chromo-
somal duplication that includes the nod™* locus.

Throughout this report the fourth chromosome mutation
spa” will be abbreviated as pol. Similarly, the ¥*X.Y*,
In(1)EN chromosome will be denoted simply as XY and the
Muller-5 balancer chromosome as Mu-5.

Crosses were performed at 23.5° on standard medium.
Bottles and vials were set up on day 0, transferred on day 5
and parents were discarded on day 10. All crosses were
scored until the 18th day.

Gamma-ray mutagenesis: Males, 0-2 days old, were ir-
radiated with 4000 R using a **Co source at a dose rate of
118 rad/min. Males were mated immediately after irradia-
tion.

The measurement of primary nondisjunction: The basic
experiment for measuring X and 4 nondisjunction is a cross
between FM7/y; pol/pol temales and XY, v f B/O; C(4)RM,
¢i ey*/O males. This cross allows one to recognize X chro-
mosome nondisjunctional offspring produced by the mother
as either yellow females (diplo-X exceptions) or as vermilion
forked Bar males (nullo-X exceptions). Similarly, one can
recognize fourth chromosome nondisjunctional offspring as
cither sparkling-poliert flies (diplo-4 exceptions) or as cubi-
tus interuptus eyeless-Russian flies (nullo-4 exceptions).
Haplo-4 Minute offspring show severely reduced viability
and, although counted and recorded, are not reported in
these data.

In all crosses the number of X chromosome exceptional
progeny is doubled prior to calculation. This correctign
accouts for the inviability of diplo-X ova fertilized by XY-
bearing sperm apd nullo-X ova fertilized by sperm which do
not carry the XY chromosome. This correction is also re-
flected in the Adjusted Total. Sex-chromosome nondisjunc-
tion frequencies are then calculated as the sum of excep-
tional progeny classes divided by the adjusted total.

As shown in Table 3, matings of FM7/FM7 or FM7/FM7
Df(1)nod females to XY, v f B/O, C(4)RM, ci ey"/O males
resulted in the recovery of only a few FM7/O male progeny.
The basis of this reduced viability, which is not observed
when FM7/nod* mothers are used, is not understood. To
correct for the erratic recov}?ry of this class of regular
progeny, the number of FM7/XY female progeny is doubled
to estimate the number of progeny which resulted from ova
bearing a single X chromosome (i.e., regular ova). This
correction is performed regardless of the fourth chromo-
some constitution of each progeny class and is reflected in
the adjusted total.

Fourth chromosome nondisjunction frequency are cal-
culated as (diplo-4 exceptions) + (nullo-4 exceptions) +
2(simultaneous X, 4 exceptions) divided by the adjusted
total.

The measurement of nondisjunction at meiosis I1I: In several
of our crosses, female progeny bearing two identical mater-
nal X chromosomes were recovered. These offspring pre-
sumably arise as a consequence of nondisjunction at meiosis
I1. While y w*® cv nod” f/y w® cv nod® f exceptional females
are easily recognized, FM7/FM7 diplo-X exceptions differ
in appearance from FM7/y w® ¢cv nod® f primary exceptions
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FIGURE 1.—Structure of the normal X chromosome, the FM7
balancer chromosome, and FM7,In(1)nod. Cross-hatched blocks
represent heterochromatin. Other blocks represent euchromatic
intervals which are rearranged in the FM7 and FM7,In(1)nod chro-
mosomes relative to the normal X. Open circles represent centro-
meres and filled semicircles represent telomeres.

only by the severity of the Bar phenotype. This difference
cannot be reliably scored in the presence of an eyeless-
Russian phenotype. Accordingly, we calculated the fre-
quency of meiosis 11 nondisjunction using only the number
of yw" cv nod” f/y w* cv nod” f daughters. The frequency of
meiosis 11 nondisjunction is calculated as twice the number
of such progeny divided by the total number of y w* cv nod*
f/O males recovered.

Measurement of mitotic X chromosome loss: Mitotic X
chromosome loss was indicated by the appearance of gyn-
andromorphs. In the basic experiment FM7, nod*/y w® cv
nod® f females are crossed to )5’ v f B/O males. Gynandro-
morphs in progeny resulting from regular ova, which result
from maternal chromosome loss, are recognized as non-
yellow male-female mosaics while mitotic loss events in prog-
eny derived from XX exceptional ova are recognized as
yellow gynandromorphs (in those cases where the FM7
chromosome was lost, the male tissue was marked with f).

Although no examples of paternal loss were observed in
this study, they could have been easily detected as non-
yellow gynandromorphs in which the male tissue was
marked with y or y*'“.

The frequency of gynandromorphs is calculated as the
number of regular gynandromorphs plus the number of
exceptional gynandromorphs divided by the total number
of XX or XXY zygotes. Because only those loss events that
are visable structural mosaics are recognizable, the meas-
ured frequencies of mitotic loss may well underestimate the
actual frequency of early chromosome loss.

Statistics: The standard errors on nondisjunction fre-
quencies were assumed to be binomial, and thus calculated
asSE=(p(1 — p)/N)'”* where p is the frequency of exceptions
and N is the adjusted total of progeny observed in the
experiment.

RESULTS

Rationale: Our screen for new nod alleles was ini-
tiated to answer three specific questions, namely: (1)
is the pleiotropic phenotype of nod® a general char-
acteristic of all mutations at the nod locus; (2) what is
the phenotype of a null allele at this locus; and (3) is
the nod locus essential for meiotic and mitotic proc-
esses other than distributive segregation? To accom-
plish these objectives, it was necessary to be able to
detect nod mutations that might exhibit only a partial
phenotype (i.e., increased X nondisjunction but nor-
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FIGURE 2.—Scheme used to isolate new FM7,nod alleles following
y-ray mutagenesis. For details see text. The symbol FM7* indicates
a mutagenized chromosome.

mal, or near normal, fourth chromosome segregation,
etc.) or that might exhibit other phenotypes such as
lethality or male-sterility.

In order to identify new nod mutations based on
either their effect on X or 4 disjunction, we chose to
mutagenize a balancer X chromosome (FM7), and
then to examine X and fourth chromosomal nondis-
junction in FM7%*/nod® females (the symbol FM7*
denotes the mutagenized FM7 chromosome). Because
X-chromosomal exchange is strongly suppressed in
such females, the X chromosomes are routinely seg-
regated by the distributive system. Accordingly,
FM7,nod/nod females might be expected to exhibit
high levels of X nondisjunction as well as the high
levels of fourth chromosome nondisjunction which
are characteristic of nod*.

Using this system, we were able to recover mutant-
bearing FM7 chromosomes exhibiting either in-
creased X nondisjunction, increased fourth chromo-
some nondisjunction, or both. In fact, various chro-
mosome aberrations exhibiting only X or fourth chro-
mosome-specific effects on disjunction were com-
monly recovered in these screens. Nonetheless, as
shown below, all of the mutations that failed to com-
plement nod® exhibited a phenotype similar, if not
identical, to that observed for nod*.

Mutant isolation: In the course of four mutagen-
eses, more than 100,000 mutagenized chromosomes
were screened by the method shown in Figure 2. FM7/
y* Y; pol/pol males were irradiated using 4000R of
gamma rays and then mass-mated to y w® cv nod*
[f/Mu-5; pol/pol females. The resulting FM7*/y w* cv
nod® f; pol/pol daughters were then tested in groups
of 4-5 females per vial by crossing to XY,v f B/O;
C(4)RM,ci ey"/O tester males. Each vial was scored
for the production of exceptional progeny (i.e., those
resulting from X and/or 4th chromosome nondisjunc-
tion).

Vials were retested if they produced more than one
simultaneous X and 4 nondisjunctional offspring, or
more than three X chromosome exceptions, or more
than three fourth chromosome exceptions. FM7*/



118 P. Zhang and R. S. Hawley

nod® or FM7*/XAY; C(4)RM,ci ey® females from each
of these vials were used to establish sublines (up to ten
sublines per tested vial). FM7*/nod®; pol/pol temales
constructed from these sublines were then retested by
crossing to XY,v f B/O; C(4)RM,ci ey®/O males.

These four mutageneses resulted in the recovery of
eight chromosomes which exhibited a strong nod phe-
notype when heterozygous with nod®. One of these
chromosomes was shown to carry a deficiency for the
nod locus (Df(1)nod, 10B10-12;10C3-4, see MATERIALS
AND METHODS). We will present evidence in the fol-
lowing section that the remaining seven chromosomes
carry new aileles of the nod locus.

In the first mutagenesis 15,000 treated FM7 chro-
mosomes were tested and two new nod alleles (nod**’
and nod”*) were recovered. The Df(I)nod chromo-
some was also recovered during this mutagenesis. In
the second mutagenesis three new alleles (nod*', nod""”
and nod***) were recovered from 45,000 treated chro-
mosomes. Only one new allele, nod®, was recovered
among the 18,000 chromosomes screened in muta-
genesis 111. The nod’! chromosome was shown to carry
both an X chromosomal inversion (In(1)15D1E;10C),
as well as an unrelated X-autosome translocation
(T(1;3)17A4;924).

The final mutagenesis, which screened 38,000 mu-
tagenized chromosomes, resulted in the recovery of
five FM7 chromosomes that exhibit a strong nod phe-
notype when heterozygous with nod®. One of these
five chromosomes also carried an unrelated translo-
cation between the distal region of the X chromosome
and chromosome 3. Molecular analysis of the nod
locus (Zhang and Hawley, unpublished data) has
shown that all five of these mutations are associated
with the insertion of a 5.8-kb transposable element
known as 3518 (BELL et al. 1985) within the genomic
region corresponding to the nod locus. This insertion
is absent in both the parent FM7 strain and in several
nod™ FM7 chromosomes retained from this mutagen-
esis because they carry other mutations that exhibit
other recessive visible phenotypes (such as two new
alleles of miniature).

We propose the following sequence of events to
explain this cluster of identical mutations. In the
germline of one of the mutagenized FM7 males, the
3§18 element transposed premeiotically into the nod
locus, resulting in a cluster of mutant-bearing sper-
matocytes. Gamma-ray mutagenesis then superim-
posed an X-autosome translocation onto one of the
FM7,nod chromosomes to produce the X-autosome
translocation. Although we favor this explanation, it
is also possible that this particular nod mutation pre-
exists at a low level within our FM7 stock, or that all
five mutational events are the result of independent
site-specific transposon-insertions. Regardless of which
of these possibilities is correct, it seem prudent
to assume that all five of the mutations represent a

single mutational event at the nod locus. We have
chosen a cytologically normal representative of this
group (nod"’) for further study.

Demonstration of allelism with nod“: Four lines of
evidence argue that the new mutations map to the
nod locus and are in fact allelic to nod*. First, as shown
in Table 1, all seven new mutations fail to complement
nod® in FM7,nod/nod® females, and thus produce high
levels of both X and fourth chromosome nondisjunc-
tion. Second, as shown in Table 2, with the exception
of nod®, all of these mutations are recessive. (nod**
exerts a dominant effect on X chromosomal nondis-
junction as a consequence of an X-autosome translo-
cation that is presumedly unrelated to the nod muta-
tion.) Third, as shown in Table 3, at least nod®*,
nod"®’, nod®"’, and nod** exhibit a strong nod phe-
notype when heterozygous for a deficiency that in-
cludes the nod locus, namely Df{1)nod10B10-12;10C3-
4 (Table 3). Fourth, the two alleles so far tested
(namely nod*** and nod"'”) are fully complemented by
the B> v*Yy™ chromosome, a Y chromosome that bears
an X chromosomal duplication which includes the
nod* locus and which fully rescues nod*.

Ascertaining the null phenotype: The phenotype
of nod® is comprised of three components namely,
random disjunction of nonexchange X chromosomes;
high frequencies of fourth chromosome loss; and zy-
gotic loss of maternal nonexchange chromosomes. As
discussed below, all seven nod alleles induced on FM7
exhibit each of these components of the nod pheno-
type.

Table 3 compares the effects of four nod mutations
(nod®, nod”*, nod’®, and nod®'’) as homozygotes
and when heterozygous with Df(I)nod. (The low levels
of X chromosome nondisjunction observed in these
females results from the fact that, as a consequence of
recombination between the two FM7 chromosomes,
only a small fraction of X chromosomes are nonex-
change. This effect will be considered below.) In no
case is a significant difference observed between the
nod/nod females and the corresponding nod/Df(1)nod
females for either X or 4 chromosomal nondisjunction
(i.e., the 95% confidence limits for the means are
overlapping). Similar data have been obtained for the
nod® allele using Df(1)N71,10B5;10D4 by A. T. C.
CARPENTER (personal communication). Thus, at least
in terms of their effect on X and fourth chromosomal
disjunction and loss, these five mutations likely define
complete loss-of-function mutations or null alleles.

The effect of mutations at the nod locus on meiosis
I: The strong suppression of the X chromosomal ex-
change exhibited by FM7/X females results in all, or
nearly all, of the X chromosomes disjoining via the
distributive system. Depending on the allele tested,
FM7,n0d/nod* mothers produce between 50 and 57%
X nondisjunctional progeny at meiosis I (Table 1).
These values of X chromosomal nondisjunction are
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more than 20-fold greater than the frequency of X
nondisjunction observed in nod®/nod* females. None-
theless, given that the frequencies of nonexchange
tetrads in nod?/nod® and FM7, nod/nod females are
approximately 5% (CARPENTER 1973) and 100%, re-
spectively, it may be concluded that in both cases the
disjunction of nonexchange X chromosomes is appar-
ently randomized.

In FM7, Df(1)nod/nod® females the frequency of
nullo-X ova exceeds that of diplo-X ova by almost
twofold. This excess of nullo-X ova is presumably the
consequence of meiotic loss events. Curiously, in
FM7,nod/nod” females, an excess of nullo-X excep-
tions is observed only when the ova are simulitaneously
nullo-4. Near equal frequencies of nullo-X and diplo-
X exceptions are observed in ova which possess one
or two fourth chromosomes. The significance of this
observation will be considered in the Discussion.

The levels of fourth chromosome nondisjunction in
FM7 nod/nod* females are similar to those observed
in nod®/nod® females. As was the case for nod®/nod*®
females, more than 90% of the fourth nondisjunc-
tional gametes produced by FM7,nod/nod females
were nullo-4. This excess of nullo-4 ova is most likely
due to meiotic chromosome loss.

The nod* gene product is only required for
nonexchange chromosomes: If, as is true for nod®,
these new mutations only affect the disjunction of
nonexchange (i.e., distributively segregating chromo-
somes), then X chromosome disjunction should be
regularized in FM7,nod/FM7,nod females. Since such
females carry isosequential X chromosomes, they
should show normal levels of recombination, only a
low level of nod-induced X nondisjunction should be
observed.

As shown in Table 3, in FM7,nod/FM7 nod females
the frequency of X chromosome nondisjunction was
only 4-9% (see Table 3), a sharp decline from 50% X
nondisjunction seen with FM7,nod/nod® females. If
only nonexchange X chromosomes undergo nondis-
junction in such females, then, assuming nonexchange
X chromosomes will disjoin at random, the fraction of
bivalents that failed to undergo exchange E, can be
estimated to be 8-18%. These values are substantially
higher than those obtained by tetrad analysis for nor-
mal sequence X chromosomes (5-7%), suggesting that
exchange in FM7/FM7 females may be somewhat
reduced (either as a consequence of structural effects
or due to weak recessive exchange-defective muta-
tions borne by the FM7 chromosome).

We have estimated the frequency of nonexchange
tetrads in nod* FM7 homozygotes by assaying the
frequency of secondary nondisjunction. This method
has recently been reviewed by RUTHERFORD and CAR-
PENTER (1988); however, the exact relationship of the
frequency of secondary nondisjunction to the E
tetrad frequency requires further mention here. Al-

though secondary nondisjunction (i.e., XX < Y segre-
gation) represents the predominant class of segrega-
tion events for nonexchange X chromosomes in XXY
females that are heterozygous for a structural aber-
ration, X «> XY segregational events involving nonex-
change X chromosomes are commonly observed in
females bearing isosequential X chromosomes (GRELL
1962; ZIMMERING, 1976). Indeed, studies by GRELL
(1962) demonstrate that isosequential nonexchange X
chromosomes segregate from the Y in only 40-70%
of the cases. In FM7,nod™/FM7,nod*/y*Y females the
frequency of secondary nondisjunction is 6.42% (N =
612). Thus, the frequency of E, tetrads in FM7/FM7
females may be estimated to be 9.1-16%. These val-
ues correlate remarkably well with the estimate of 8-
18% observed in FM7,nod/FM7 nod females.

Therefore, the X nondisjunction observed in
FM7,nod/FM7,nod females most likely reflects only
the expected effect of nod on nonexchange chromo-
somes, and like nod®, these new nod alleles do not
appear to reduce exchange per se or to impair the
disjunction of exchange bivalents.

The effect of nod on meiosis II: In crosses of
FM7,nod/nod®; pol/pol (females) to XY,v f B/O,
C(4)RM ci ey®/O (males) (Table 1), gametes bearing
two identical maternal X chromosomes (nod“/nod?)
were produced at frequencies of 1 to 4%. These
progeny result from maternal nondisjunction at
meiosis 11. Nullo-X ova resulting from meiosis 11 non-
disjunction or loss are not distinguishable from those
resulting from nondisjunction or loss at meiosis 1.
Thus, if the frequency of loss at meiosis II exceeds
the frequency of nondisjunction, the observed fre-
quency of nod-induced X chromosomal nondisjunction
at meiosis II may underestimate the true frequency of
abnormal chromosome behavior at meiosis I1.

The effect of nod on early mitosis: X chromosomal
mitotic loss, as assayed by gynandromorph produc-
tion, was also elevated in daughters of FM7,nod/nod*
mothers and the chromosomes lost in these gynandro-
morphs were always of maternal origin (see Table 1).
This is true even when FM7 nod/nod* females are
crossed to males bearing a normal sequence X (data
not shown). The observation that X chromosome so-
matic loss occurred in both exceptional, (FM7,nod/
ngd®) progeny and in regular (FM7, nod/XY and nod*/
XY) progeny demonstrates that maternal chromosome
loss is independent of zygotic genotype and that the
probability a given maternal X chromosome will
undergo mitotic loss is independent of its disjunctional
behavior at meiosis.

Although no effort was made to quantitate the
relative amounts of male and female tissue, the vast
majority of gynandromorphs contained very large
patches of male tissue, and half male-half female mo-
saics were common. This observation suggests that
most nod-induced loss events occur during early cleav-
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TABLE 4

Secondary nondisjunction in FM7a, nod/nod® females

Exceptional ova Frequency of
X chromosome
Female nondisjunction Total
genotype XX Y XXY (&) (%) progeny
FM7a/nod*/y"Y 357 202 10 17 61 1338
FM7a,nod*? [nod*[y*Y 222 172 211 309 58 2221
FM7a,nod* [nod®/y*Y 214 197 192 324 58 2264

FM7a/X/y*Y; spa?/spa?” females were crossed to )6’, yv fB/O; C(4)RM, ci ey®/O males.

nod® =y w* cv nod* f.

age, perhaps at the first mitotic division. The signifi-
cance of this observation will be considered in the
discussion.

In all but two cases the two maternal X chromo-
somes (FM7,nod and nod®) underwent mitotic loss at
equal frequency. The two exceptions to this gen-
eralization are FM7,Df(I)nod and FM7mod". The
FM?7,Df(1)nod mutation carries a recessive lethal mu-
tation that must also be a cell lethal because no excep-
tional gynandromorphs which had lost the y w* cv nod*
f homolog were observed. Similarly, loss of the
FM7 nod* translocation would result in significant
autosomal aneuploidy and thus death.

X chromosomal mitotic loss is not observed in
FM,nod/nod™ females (Table 2) and its frequency is
greatly diminished in the progeny of FM7,nod/
FM7 nod females (Table 3). This latter result confirms
the suggestion of CARPENTER (1973) that nod-induced
mitotic chromosome loss is likely restricted to those
chromosomes that have passed through the distribu-
tive system.

The effects of the new nod alleles on secondary
nondisjunction: In XXY females, the presence of a
free Y chromosome greatly increases the frequency of
the nondisjunction of nonexchange X chromosomes,
a phenomenon known as secondary nondisjunction
(BRIDGES 1916). This is presumably a result of the
formation of a XXY trivalent and subsequent XX<Y
disjunction (COOPER 1948; GRELL 1962). CARPENTER
(1973) observed that the frequency of X chromosomal
nondisjunction in nod®/nod’/Y females significantly
exceeded that observed in nod“/nod® females and was,
in fact, identical to that observed in nod*/nod*/Y
controls. However, in the controls, the nondisjunc-
tional progeny were of only two gamete types, namely,
XX and Y, while nod®/nod®/Y females produced ova
with XX, XXV, Y and O at equal frequencies. These
results from nod*/nod*/Y females were interpreted by
CARPENTER (1973) to be the consequence of correct
orientation of the XXY trivalent followed by defective
disjunction, such that the two X chromosomes still
cosegregate while the Y disjoins at random.

We have analyzed FM7,nod"*"/nod®/y*Y and
FM7,n0d"**/nod*/y*Y females, in which secondary
nondisjunction would be expected to occur at high

frequency as a result of the exchange-suppression. As
shown in Table 4, FM7,nod*/nod®/y*Y and FM7,nod/
nod*®/y*Y females produced approximately equal num-
bers of X-chromosome nondisjunctional ova. How-
ever, in FM7,nod/nod*®/y*Y females XX, Y, XXY, and O
bearing ova are recovered at approximately equal
frequencies, while the nondisjunctional ova produced
by FM7,nod*/nod®/y*Y females are almost exclusively
XX or Y. The consistent excess of nullo-X gametes
observed in each of the two FM7,nod/nod®/y*Y crosses
may be another example of the nod-induced chromo-
some loss events.

Clearly, XXeY segregation appears to be inopera-
tive in FM7 nod/nod females. However, because the
frequencies of secondary nondisjunction observed in
FM?7 nod/nod?/Y females do not greatly exceed those
X chromosome nondisjunction frequencies observed
in FM7nod/nod” females, we cannot distinguish be-
tween a model in which orientation occurs normally
and segregation is defective and one in which the
entire process is disrupted.

Position effect variegation and nod®®: FM7,nod*
is male sterile even in the presence of B*v*¥y* and
also exhibits approximately 30% X nondisjunction in
FM7,n0d"/+ females (see Table 2). Cytological analy-
sis of the FM7,n0d% chromosome shows that it has an
inversion with one breakpoint at or near the nod locus
in 10C and the other within the heterochromatin
located at the 15DE breakpoint in the middle of the
FM?7 chromosome (Figure 1). In addition, the nod*
chromosome carries an unrelated translocation be-
tween 17A of the X chromosome and 92A on the
right arm of the third chromosome, explaining both
the male sterility and dominant effect on X chromo-
some nondisjunction (CHANDLEY 1965; LIFsCHYTZ
and LINDSLEY 1972),

FM7,mod* /nod® females exhibit lower frequencies
of the fourth chromosome nondisjunction than do
other FM7,nod/nod* females (see Table 1). Since this
mutation is associated with an inversion which places
the nod™ locus near heterochromatin, it was possible
that the lower level of fourth chromosome nondis-
junction in FM7,n0d% /nod® females is a consequence
of a variegating position effect (for review see SPOF-
FORD 1976). This hypothesis is supported by the ob-
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TABLE 5

Position effect variegation at the nod locus

Nondisjunction

Female % X % 4 % X, 4 Total
genotype nd nd nd progeny

FM7, nod*¥ /nod™ 0.7 0.1 0 1151
FM7, nod** [nod*® 53.1 86.7 48.2 2489
FM7, nod*/nod* 30.1 0 0 1230
FM7, nod*/nod*® 545 61.3 37.2 1395
FM7, nod*? /XY, nod® 30.0 81.3 34.5 4638
FM?7, nod* /XY, nod* 442 09 0.2 921
FM7, nod*/nod®/y*Y 2.8 809
FM7, nod* [nod® (29°) 44.1 62.3 233 2148

FM7, nod*/nod® (23.5°) 529 57.4 231 2139
FM7, nod®/nod* (19.0°)  38.1 34.3 99 1256

Females of the indicated genotype were crossed to XY, v f B/O;
C(4)RM, ci ey® /O males.

servation that the nod phenotype exhibited by nod*
is suppressed both by the addition of heterochromatin
and by lower temperatures.

As shown in Table 5, the frequency of fourth chro-
mosome nondisjunction in FM7,nod*/nod*/y*Y fe-
males is reduced to 2.8%. A similarly low frequency
of fourth chromosome nondisjunction, 0.9%, is also
observed in FM7,n0d*/XY,nod* females (as compared
with 81.3% observed in FM7,n0d**" /XY,nod* females).
These results demonstrate that the presence of a Y
chromosome suppresses the nod*® mutation, a char-
acteristic feature of variegating position effects. Fur-
ther support for the suggestion that the nod phenotype
observed in the presence of nod® results from posi-
tion-effect variegation is derived from the observation
that fourth chromosome disjunction becomes more
regular at lower temperatures.

Thus, the nod*® mutation most likely results from
an inversion whose heterochromatic breakpoint lies
near to, but not within, the nod locus. The nod phe-
notype then results from inactivation of the nod locus
as a consequence of a heterochromatic position effect.
To the best of our knowledge, the nod* mutation
represents the first documented example of position
effect variegation in the germline.

DISCUSSION

We have extended and verified Carpenter’s analysis
of the original nod* allele by isolating and character-
izing seven new alleles of nod. The nod® allele is
pleiotropic with respect to its effect on chromosome
behavior (high frequencies of nondisjunction, loss at
meiosis I and meiosis II, and the loss of maternal
nonexchange chromosomes at early cleavage). Our
study has shown that the pleiotropic effects of nod®
are a general property of mutations at the nod locus
and thus are likely to be the result of a single biochem-
ical defect. Moreover, our screen was designed to

allow the recovery of nod alleles which might, as
homozygotes or hemizygotes, result in sterility or even
lethality. No such mutations were recovered, very
strongly suggesting that the nod locus is not essential
either for oogenesis or for mitotic chromosome be-
havior after early cleavage. Thus, the nod™* locus en-
codes a function which, while dispensable for fertility
and viability, is necessary for the proper disjunction
of nonexchange chromosomes at meiosis I and during
early cleavage.

The effect of nod on disjunction at meiosis I: By
inducing these mutations on a balancer chromosome,
we have been able to compare the effect of nod
mutations in the presence and absence of X chromo-
somal exchange. Our data corroborate those of CAR-
PENTER (1973) in demonstrating that the nod™ prod-
uct is required primarily, if not exclusively, by nonex-
change chromosomes. This is to say that either there
exist meiotic functions that are specific to the distrib-
utive system, or that exchange can compensate for the
nod defect.

Our studies extend those of CARPENTER (1973) by
demonstrating that in FM7, nod/nod females an excess
of nullo-X gametes is observed only among nullo-4
ova. No excess of nullo-X ova is observed among
haplo-4 or diplo-4 progeny. The failure to observe an
excess of nullo-X progeny among the diplo-4 excep-
tions argues that X chromosome loss is not simply
correlated with fourth chromosomal nondisjunction.
Rather, X chromosome loss is apparently restricted to
those ova in which fourth chromosome loss has also
occurred. It is not possible to ascertain whether these
loss events occur at meiosis I or at meiosis II. It is
possible that this effect reflects a heterogeneous pop-
ulation of oocytes in ned mothers, such that some
meiocytes are more likely to allow chromosome loss
than are others.

The effect of nod on meiosis II nondisjunction
and on mitotic chromosome loss: Our data demon-
strate a dramatic effect of nod on nondisjunction at
meiosis II. Although high levels of X chromosomal
nondisjunction at meiosis II were not observed when
CARPENTER (1973) examined nod“/nod*® females bear-
ing normal sequence X chromosomes, they were ob-
served in nod*/FM7,Df(1)nod females. This result sug-
gests that the induction of nondisjunction at meiosis
I1 is a general property of nod mutations. The failure
to observe meiosis II nondisjunction in nod“/nod*
females is most reasonably explained by suggesting
that nod-induced meiosis II nondisjunction, like
meiosis I misbehavior and mitotic loss, is restricted to
nonexchange chromosomes.

As shown in Table 1, homozygous nod mothers also
produce gynandromorphic offspring at high fre-
quency. nod-induced mitotic loss is independent of
zygotic genotype and is strictly limited to maternal
nonexchange chromosomes. We consider three hy-
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potheses to explain these data.

First, as suggested below, nod mutations may disrupt
the proper modification of a chromosomal organelle
(such as the centromere) that is required for both
segregation at meiosis I and/or several ensuing mitotic
divisions. One might imagine that as a consequence
of improper or incomplete modification during
meiosis, defective chromosomes are produced which
fail to segregate properly at meiosis II and in early
cleavage, resulting in both nondisjunction (which
would only be detectable at meiosis II) and in chro-
mosome loss.

Second, since the first mitotic division in Drosophila
is gonomeric (i.e., male and female pronuclei undergo
separate and parallel mitoses before pronuclear fu-
sion), it is possible that the nod defect results from the
persistence of a maternal spindle abnormality through
meiosis II and into the first cleavage divisions. This
hypothesis is consistent with the observations that
most, if not all, nod-induced loss occurs in early cleav-
age. However, it is difficult to understand why only
nonexchange chromosomes nondisjoin at meiosis 11
or are lost in early divisions, unless nonexchange
chromosomes are defective, or marked in such a way
as to make them more sensitive to nod-defect.

The third hypothesis argues that the observed
meiosis 11 nondisjunction and somatic chromosome
loss are not the direct result of the nod defect but
rather a general property of chromosomes that are
univalents at meiosis 1. This hypothesis has been in-
voked by others to explain both the somatic chromo-
some loss observed in the progeny of nod mothers
(CARPENTER 1973), and the observation that mosaic
progeny are commonly recovered at low frequency in
crosses involving one of a number of other mutations
that impair various aspects of the meiotic process
(BAKER and HALL 1976; HAWLEY 1988).

The genetic analysis of disjunction: The meiotic
effects of mutations at the nod locus may be compared
to that of mutations at two other loci, namely the ca™
locus (Davis 1969; HINTON and MCEARCHERN 1963;
SEQUEIRA, NELSON and SzZAUTER 1989) and the
(1)TW-6° mutations (WRIGHT 1974).

ca™ alleles also induce chromosomal nondisjunction
and loss at meiosis 1 and mitotic chromosome loss
during early cleavage divisions. Like alleles of nod®,
mutations at the ca™ locus also produce high frequen-
cies of fourth chromosomal nondisjunction the vast
majority of which are observed as nullo-# ova. Al-
though ¢a™ mutations induce both exchange and
nonexchange X chromosomes to undergo nondisjunc-
tion at high frequency (Davis 1969; SEQUIERA, NEL-
sON and SZAUTER 1989), nonexchange chromosomes
nondisjoin and are lost much more frequently than
are exchange chromosomes (CARPENTER 1973).

As pointed out by BAKER and HALL (1976) “the
wild-type allele of ca™ specifies a function required

for the regular disjunction of nonexchange, as well as
exchange chromosomes, but an exchange may serve
as the partial equivalent of the function—it can facil-
itate regular disjunction of chromosomes even in the
absence of the ca™* function.” In this sense, nod may
be considered to be highly analogous to ca™, with the
exception that in the absence of nod* product ex-
change virtually always regularizes disjunction. One
can then imagine that both the nod and ca™ loci
encode components of the meiotic system that are
required for all chromosomes, independent of their
exchange status, and that defects at either locus can
be partially or fully compensated for by proper
chiasma function. Further evidence that the nod and
ca™ loci encode similar and perhaps overlapping func-
tions is provided by our recent finding that nod/+;
ca™/+ double heterozygotes display levels of X and
fourth chromosomal nondisjunction that are some
ten-to-fifty fold higher than are those observed for
either single heterozygote (B. BRODEUR and R. S.
HAwLEY, unpublished observations).

This hypothesis is supported by the observation that
nod-induced nondisjunction of major autosomes is not
restricted to nonexchange chromosomes (CARPENTER
1973). Indeed, although second chromosomes which
have undergone exchange in nod mothers are much
less likely to nondisjoin than are nonexchange chro-
mosomes, more than 60% of the second chromosomal
nondisjunction observed in nod females involves biv-
alents that had undergone one or more exchanges.
Thus, as is true for ca™, the ability of an exchange to
compensate for a lack of nod function may depend on
such factors as chromosome size or structure and also
on the position or number of exchanges.

The I(1)TW-6° mutation exerts a dominant meiotic
effect that is similar to that observed for alleles of nod
and for ca™. In [(I)TW-6°/+ or {(1)TW-6°/1(1)TW-
6° females both X and fourth chromosomes undergo
nondisjunction at high frequency, and nonexchange
chromosomes appear to be more strongly affected
than are exchange chromosomes (WRIGHT 1974; B.
S. BAKER, personal communication). (I1)TW-6¢ is
pleiotropic and exhibits a recessive cold-sensitive ma-
ternal and zygotic effect on viability as well as on
mitotic chromosome behavior (M. GATTI and B. S.
BAKER, personal communication). I(1)TW-6° maps to
position 37.1 on the X chromosome (WRIGHT 1974).
Based on their very close proximity and similar phe-
notypes, WRIGHT (1974) has raised the intriguing
possibility that at least one component of the I(1)TW
mutation (which may well be complex) is a dominant
antimorphic change at the nod locus. Direct tests of
this proposal are now underway in this laboratory.

If [(1)TW-6“ is in fact allelic to nod, then given the
effect of this mutation on the disjunction of exchange
chromosomes, the nod and ca™ loci may be more
analogous in function than previously thought.
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The cellular basis of the nod defect: Several studies
have demonstrated that the physical basis of the ca™
defect is the abnormal segregation of chromosomes
by disorganized spindles with abnormal numbers of
poles. This defect is manifested both at meiosis and
during early cleavage divisions (WALD 1936; KIMBLE
and CHURCH 1983). Davis (1969) has argued that
mutations at the ca™ locus result in aberrant spindle
fibers, while others have suggested that the defect is
in the centromeres (BAKER and HALL 1976) or in the
microtubule organizing centers (KIMBLE and CHURCH
1983). It is entirely possible that a similar defect
underlies the nod phenotype. However, at least in its
simplest form, such a model cannot explain the spe-
cific effects of mutations at the nod locus on maternal
nonexchange chromosomes.

PURO and NOKKALA (1977) have demonstrated at
metaphase I in Drosophila melanogaster females, achias-
mate bivalents co-orient on the same arc of the spindle
and then move precociously towards opposite poles
(often reaching their respective poles before chias-
mate bivalents have even begun their poleward mi-
gration). Similar phenomenon have also been ob-
served cytologically in a variety of insect meioses
(HUGHES-SCHRADER 1969; NOKKALA 1986a, b). Per-
haps these early disjunctions are more sensitive to
defects in centromere or spindle formation or func-
tion than are the later chiasmate disjunctions.

Alternatively, one might imagine that the disjunc-
tion of nonexchange chromosomes requires chromo-
some modification to compensate for the lack of
chiasma function. An example of nonexchange chro-
mosomes that are specifically modified during meiosis
has been documented in another organism. Ultra-
structural studies in the mole cricket, Neocurtilla hex-
adactyla, revealed that nonexchange chromosome seg-
regation involves a unique modification at the ki-
netochores in these chromosomes (KuBal and WISE
1981). Interactions between the centromeres of the
nonexchange chromosomes and microtubule may me-
diate the unique meiotic segregation of these chro-
mosomes. Perhaps the nod mutation disrupts a ki-
netochore structure similar to the one in N. hexadac-
tyla. Current efforts in several laboratories to study
the nod and ca™ loci at the molecular level, and thus
to identify their protein products, should shed consid-
erable light on this hypothesis.
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