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IN Drosophila, maize, and the fungi we have precise, and indeed at times ele-

gant, genetic descriptions of the meiotic process; furthermore, in maize, the
meiotic cytology during microsporogenesis has been thoroughly studied. It is
surprising, therefore, that little is known about the genetic control of meiosis
(however, for an early theoretical discussion of the genetic control of meiosis
see DarrINGgTON 1932). For this reason, we began a systematic search for, and
study of, mutations affecting one or more of the processes which together com-
prise meiosis. The existence of such meiotic mutants follows from the generally
accepted induction that all cellular processes are ultimately under genic control,
but it need not follow that mutants controlling a significant fraction of the steps
in meiosis can be isolated by existing cytogenetic techniques. Two lines of evi-
dence, however, suggest that at least many meiotic mutants can be resolved. First,
the variable quantities of meiosis, namely the rates of crossing over and non-
disjunction, are sensitive to background genotype, and these genotypic differences
should be resolvable into their individual components. Second, instances are
known in which specific changes in the genotype, including in some cases muta-
tional changes, cause altered meiotic behavior.

However, the genotypic control of chromosome behavior is operationally dif-
ferent from that of other physiological processes in that the chromosomes both
carry the controlling genes and, at the same time, respond to them. Thus, it is
necessary to distinguish between aberrant control mechanisms and the aberrant
response of abnormal chromosome complements to a normal control mechanism,
e.g., crossing over in heterozygous inversions (StrurTevanT and BeabprLe 1936).
Where abnormal meiotic behavior is the result of a mutation we propose the
name meiotic and the symbol mei- followed by a specific locus designation.

Reviews have appeared recently on genetic control of recombination (LiNDSLEY
et al. 1967; EMERsoN 1967) and on meiotic control in general (NrcoLeErTI 1968).
In this discussion, we shall restrict ourselves to a consideration of genetically
controlled meiotic effects in Drosophila.

A striking example of genotypic influence on meiosis is sex in Drosophila
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where crossing over is restricted to the female (Morcan 1912). Concomitantly,
the complex series of cytological events normally characterizing prophase I is
atypical in Drosophila males (Cooper 1950). Evidently, in Drosophila, the dif-
ferences in meiotic behavior between the sexes are genetically more fundamental
than merely a difference in recombination rates. In females, nonhomologous
chromosomes can pair and disjoin from each other; this phenomenon cannot be
demonstrated in males, however (for a review of the features of nonhomologous
pairing see GRELL 1967). This and similar cases, e.g., the silkworm (TanNaka
1913), may well be extreme examples of a more general phenomenon of differ-
ences in the crossover rates between the sexes [e.g., in the mouse (SLIZYNSKI
1960), in corn (Ruoapes 1941), and in Drosophila ananassae (Moriwaxi 1937)
where recombination apparently does occur in males but with a reduced fre-
quency compared with that in females; more generally, see Dunn and BENNETT
1967].

Another effect of the genotype on meiotic behavior in Drosophila is the inter-
chromosomal effect (see, for example, Scuurrz and ReprieLp 1951), in which
sequential heterozygosity in one chromosome pair increases the frequency of
crossing over in the other chromosomes of the complement. RoNeN (1964) has
recently shown that, contrary to earlier indications, this phenomenon extends to
mitotic crossing over.

In mitotic recombination in Drosophila (for a more general review and refer-
ences, see LINDSLEY et al. 1967) two other kinds of genotypic controls have been
elucidated. First, the class of mutation called Minutes (symbol: M, generally
deficiencies with a dominant small-bristle phenotype that are recessive lethals),
when heterozygous, increase the frequency of mitotic crossing over (STERN
1936; KapLaN 1953), although there is no evidence that they increase meiotic
crossing over (Hinton 1967). Second, WEeaver (1960) presented convincing
evidence for genes on all of the chromosomes of the complement that control the
frequency of mitotic recombination.

Meiotic anomalies involving the sex chromosomes in males have been dis-
covered in a variety of Drosophila species. The first sex ratio X chromosome was
found by GersuensoN (1928) in Drosophila obscura, but examples are now
known in several other species [for a recent study, see STALKER (1961)]. Males
carrying a SR X chromosome produce mostly X-bearing sperm. A new sex ratio
anomaly, probably different from SR, was recently reported in Drosophila
simulans (FAULHABER 1967). Finally, there is the gene, MSR, (Novrrskl 1947)
in Drosophila affinis which reverses the action of SR; i.e., a SR; MSR male pro-
duces a preponderance of Y-bearing sperm.

In Drosophila melanogaster, five bona fide meiotic mutants are known; they
are described briefly in the following paragraphs:

¢(3)G: crossover suppressor in chromosome 3 of GoweN: This is a recessive
allele located at 57.4 on chromosome 3, first studied by Gowen and GoweN
(1922) and Gowen (1928, 1933). Homozygous ¢(3)G females produce virtually
no meiotic recombinants but produce a very high frequency of nondisjunction
at the first meiotic division; mitotic crossing over, on the other hand, is normal
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(Le Crerc 1946). Homologs do not segregate at random and the different chro-
mosome pairs of the complement do not disjoin independently (for discussion,
see LINDSLEY ef al. 1967). Homozygous males show no meiotic irregularities.
Synaptinemal complexes, normally present in early obcytes, are absent in ¢(3)G
homozygotes (MEeYER 1964; Smrta and King 1967) . Heterozygotes, surprisingly,
exhibit somewhat higher than normal recombination (Hinrtonw 1966), while
heterozygotes for ¢(3)G+ and Df(3R)sbd'** = Df(3R)88F ;89B4-5, a deficiency
for ¢(3 )G, exhibit lower than normal recombination.

ca™: claret-nondisjunctional: This is an allele of ca located at 100.7 on chro-
mosome 3. The mutant was first discovered in D. simulans by STURTEVANT
(1929), and later Lewis and GeENcarerLLa (1952) found a similar allele in D.
melanogaster. Crossing over is approximately normal in ca™ females, but there
is an exceedingly high incidence of nondisjunction of all pairs of homologs in the
first meiotic division; however, homologs separate more often than 509. Further-
more, chromosome loss is frequent during meiosis and probably also during the
mitotic divisions. The frequency and direction of nondisjunction of the different
chromosome pairs are highly correlated within cells (Davis 1963). The meiotic
effect is cell autonomous (RoBerTs 1962), and does not depend on the ca pheno-
type, but is manifest even in the presence of the mutant, white (STURTEVANT
1956).

eq: equational producer. This gene lies near the base of the X chromosome
and results in the production of sperm carrying 2X chromosomes, i.e., it causes
nondisjunction of the eg-bearing X chromatids at the second meiotic division
(ScruLTz 1934). Heterozygous females are also reported to show nondisjunc-
tion, but it is unclear whether at the first or second division, and it is not known
how the autosomes behave in either sex.

SD: Segregation Distorter: This locus lies near the centromere of chromosome
2: SD/+ males transmit the SD-bearing second chromosome to more than half
the progeny, often 959 or more (SaNpLER, Hirarzumi, and SANDLER 1957). SD
has no effect in females. The regular separation of the SD-bearing chromosome
from its homolog and the suppression of distortion by second-chromosome inver-
sions suggest that SD acts at or after pairing. PEacock and Erickson (1965)
have presented evidence that the mechanism of distortion is the directed segrega-
tion of the SD-bearing chromosome toward the meiotic pole destined to form
functional sperm and the consequent segregation of SD* to a nonfunctional pole.
However, more recent and very convincing evidence (N1coLeTTI 1968; NI1COLETTI
and Trippa 1967; NicorLerTt TRiPPA and DEMarco 1967; Hartr, Hirarzumr
and Crow 1968) that the number of progeny produced by an SD male is reduced
in proportion to the amount of distortion suggests that the phenomenon of segre-
gation distortion results from inactivation of SD*-bearing sperm by SD.

RD: Recovery Disrupter: This locus (Novitskr and Hanks 1961; Hanks
1964), on the X chromosome, is without effect in females, but in males it results
in fragmentation of the ¥ chromosome (Erickson 1965) and a concomitant
production of an excess of female progeny.

Thus, in D. melanogaster we find two meiotic mutants, ¢(3)G and ca™, that
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act at the first meiotic division and affect only females. It seems most probable
that ¢(3)G acts first because it affects both recombination and segregation,
whereas ca™ causes only segregational anomalies. The control of the first division
in males is clearly different; ¢(3)G and ca™ are without effect, whereas SD and
RD affect only males. SD apparently acts during or following conjugation; the
situation is not clear with respect to RD. eq acts during the second meiotic division
and may affect meiosis in both sexes; however, the available data are insufficient
for firm conclusions. It will be shown later that a meiotic mutant affecting the
second meiotic division does act in both sexes, suggesting identical control of at
least some aspects of chromosome behavior during the second meiotic division in
the two sexes.

To extend our understanding of the genetic control of meiosis it seems clear
that an intensive study of more meiotic mutants would be very useful, and to
this end an experiment to detect meiotic mutants was devised. It seemed desirable
in the first instance to try to find meiotic mutants in natural populations because,
in addition to collecting the mutants themselves, it should be possible to get some
idea of how frequent they are. Accordingly, a series of second and third chromo-
somes were collected from natural populations near Rome, Italy. One second and
one third chromosome are referred to as a fwo-three complement or a test com-
plement. Two-three complements were made homozygous (1) in females hetero-
zygous for well-marked X chromosomes and homozygous for marked fourth
chromosomes all derived from laboratory stocks, and (2) in males carrying a
laboratory-derived X and the marked fourth-chromosome pair. The marked,
laboratory-derived chromosome pairs are referred to collectively as the sez-four
complement or the diagnostic complement. In females, the effects of the two-three
complements on crossing over between the diagnostic complement X’s and on
segregation of both pairs of chromosomes of the diagnostic complement were
followed; in males the effect of the two-three complements on segregation of
diagnostic complement fourth chromosomes was followed.

The results indicate the following: Of 118 two-three complements examined
in females, 11 had a detectable effect on the meiotic behavior of the diagnostic
complement; all of these affect segregation, while two decrease and one increases
recombination. Of 123 two-three complements and 177 half complements (either
chromosome 2 or 3) tested in males, four had an effect on segregation of the
diagnostic complement fours. Of these, two cases proved to be allelic and one had
an effect in females also and was, therefore, enumerated above. In addition, a new
occurrence of the segregation-distorter (SD) gene was found. Further, a com-
parison of the variance in crossing over among individuals carrying the same
test and diagnostic complements with that among individuals carrying the same
diagnostic complement but different two-three complements indicates that a
significant fraction of the total variance in crossing over in these natural popula-
tions is attributable to genetic differences among the two-three complements.

From these findings, it seems clear that there exist many meiotic mutants,
affecting a variety of meiotic processes, detectable by standard cytogenetic tech-
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niques. Moreover, although the intensive investigation of the behavior of these
mutants has only just begun, several new principles about recombination and
segregation can be inferred and a general outline, in the nature of a flow chart
of the genetic control of chromosome behavior during meiosis, can be constructed.
This outline exhibits both the relationships between the meiotic mutants and
between the meiotic mutants and chromosome behavior during the germ-line
cell divisions.

EXPERIMENTAL DESIGN

The wild-type flies from which the test complements were extracted were collected from two
localities on the outskirts of Rome, Italy, during October, 1965. The Via Ostiense population was
collected in the city’s wholesale fruit market on the southwest edge of the city, and the Via Salaria
population was collected in a winery, about 15 kilometers northeast of Rome, during the grape
harvest. A small number of two-three complements were also selected from flies collected near
the University of Rome on the east side of the city (Via Tiburtina).

The method utilized for making two-three complements (2;; 3;) homozygous in a genotype
in which meiotic parameters could be measured is outlined in Figure 1. The exact procedure
varies slightly depending on the source of 2;; 3;. Since in the present experiments two-three
complements were extracted from natural populations, individual males were used in the first
generation mating, and a single son was selected from the progeny of each first generation male
for the second generation cross. Thus a single two-three complement was selected from each popu-
lation male sampled. When mutagen-treated two-three complements are to be tested, the multi-
plicity of treated males used in the first cross is immaterial; furthermore any number of sons
may be utilized in the second generation cross, but they must be crossed individually since each
second generation male carries an independently-treated two-three complement (assuiming that
postmeiotically treated cells are sampled). If the presence of mosaicism is likely, e.g. following
chemical-mutagen treatment, then y/Y,; 2,/T(2;3)89, bw e/3;; spar°t/4, sons produced by the
generation-1 cross may be back-crossed individually to females with the maternal genotype ¥/v;
SM1/T(2;3)89, bw e/TM2; spar°l/spaol, and a single y/Y ;; 2,/T(2;3)89, bw e/3;; spaPol/spar°!
son chosen from each culture for crossing in generation 2. This amounts to selecting a half
chromatid from a treated two-three complement for further crossing. In actual practice we made
varying numbers of such backcrosses to preserve some two-three complements while others were
being passed through later generations of the scheme. If, in one of these backcross generations,
reversed-compound-X/marked-Y females (e.g. C(1)RM/y+Y) are substituted for the free-X
(Le. ¥/¥) females, then Y, is replaced by y+Y wherever Y, appears in subsequent generations
of the crossing scheme. For all procedures described, several males heterozygous for the same
two-three complement are available for use in a mass mating in generation 3.

The males from the natural populations were crossed in the first generation to y/y; SM1/
T(2;3)89 bwe/TM2; spabl/sparel females from stock. SM1 is a second-chromosome balancer
of constitution In(2LR)SM1, al? Cy cn? sp?, where In(2LR)SM{ represents In(2LR)22A3-B1;
60B-C on In(2L)22D1-2;33F5~34A1 + In(2R)42A2-3;58A-B1, formed by superimposing the
pericentric inversion upon In(2L-+2R)Cy. TM2 is a third-chromocsome balancer of constitution
In(3LR)Ubx1%0, Ubx!30 s, where In(3LR)Ubx130 = In(3LR)61A-C;74;89D-E;93B;96A. We
induced 7(2;3)S9 in a bw; e stock. It has both breaks in the chromocentral heterochromatin and
is homozygous lethal. Its use was intended to guarantee the recovery in viable zygotes, of only
T(2;3)- and 2;3-bearing gametes; however, we failed to consider that crosses between T'(2;3)89
heterozygotes would produce complementary aneuploid types, and except for the first generation,
this feature of the scheme was ineffective. In the second generation, FM6/multex; SM1/T(2;3)
89, bw e/TM2; sparol/spar°! females from stock are employed. FMé is an X-chromosome
balancer of constitution In(1)FMé, y31d sc# dm B where In(1)FMé was produced by superim--
posing first In(1)3C;4EF and second In(1)15D-E;20 on In(1)sc®+dl-49 = In(1)1B2-3;20B-D1
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TABLE 1

Phenotypes of females homozygous for autosomal pairs derived from natural populations
at Via Ostiense (VO) and Via Salaria (VS ), Rome, Italy
Viability information is presented on the left side of the table; information on the fertility
of lethal-free autosomal pairs is presented on the right side

Female fertility of +; + autosomal pairs

Viability of homozygous autosomal pairs Sterile on chromosome
Population T4+ @)+ 513 1213 = Fertile 2 3 not tested not tested
Vo 3 21 18 11 81 18 6 4 2 1
VS 140 80 97 72 389 100 8 9 19 4
= 171 101 115 83 470 118 14 13 2 5

- In(1)4D7-E1;11F2—4. Since In(1)3C;4E-F virtually reinverts In(1)4D7-E1;11F2-4, FM6 is
not a very effective balancer, especially in the presence of heterozygous SM1 and TM2. The
symbol, multez, dasignates In(1LR)scV!, ¥ pn cv m f.y+; owing to the balancing inefficiency
of FM6, m was lost frequently and cv somewhat less frequently from multex in the stock men-
tioned above. On the basis of our initial experience, we feel that replacement of the original
multer with In(1LR)scV!, y pn v-y+ considerably simplifies the procedure without appreciable
loss of resolution owing to failure to detect multiple recombinants.

In generation 3, as many multex males carrying the same two-three complement as could be
collected were crossed en masse with females of the genotype and source shown in Figure 1. The
ensuing generation is the first one in which virgins must bz selected from each two-three-comple-
ment line, rather than from a stock culture, and this represents one of the steps in the procedure
limiting the number of complements that can be analyzed simultaneously. It is also the first time
that a female carrying a test complement has been used; the autosomes are prevented from
recombining however, by the presence of SM1 and TM2. Phenotypically Cy Ubzx et flies in
generation 4 are of the constitution SM1/2;; TM2/3;, and inbreeding them produces a balanced
stock in which the persistence of the majority of 2; and 3, is assured, but which may produce
homozygotes for either or both of the test autisomes. By choosing appropriate sex-chromosome
genotypes for inbreeding in generation 4, the balanced autosomal line may be made to produce,
in generation 5, flies homozygous for the test complement and with the appropriate diagnostic
complement. In screening for meiotic mutants acting in females, flies of constitution In(1LR)scV,
y pnco m fy+t/y; 2,/2,:; 3./3;; spabel/spavol were chosen for crossing. 2;/2;; TM2/3; and
2,/8M1; 3,/3; females were eschewed on the grounds that heterozygosity for a highly rearranged
chromosome was alone sufficient to cause abnormal meiotic behavior of the diagnostic chromo-
somes. In retrospect, however, the meiotic mutants that were recovered would have been recog-
nized as such in homozygotes in which the other autosome was heterozygous for the balancer;
thus, many autosomes which could have been tested successfully were discarded after five genera-
tions of crossing owing to the presence of a lethal or sterile mutation in the other member of
their two-three complement. The viability and fertility of generation 5 females homozygous for
the two-three complements processed are summarized in Table 1. It can be seen that of 470 two-
three complements examined, only 171 were lethal free and of thes» only 118 were also female
fertile.

Ficure 1.—The crossing scheme employed to examine the effects of homozygous two-three
complements (2;; 3, == ith two-three complement) on the meiotic behavior of the diagnostic com-
plement. Replacement of y/y with C(1)/y+Y in the female in generation 2 will result in the
replacement of ¥; with ¥+7Y in all subsequent generations. The symbol, multex, in generation 2
represents either In(1LR)sc¥1, y pnco m fy+ orIn(1LR)sc¥!, y pnvy+.
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Females of the above constitution were crossed individually to Y8X-YL, In(1)EN, v f B/0;
C(4)RM, ci ey®/0 males, where C(4)RM designates a reversed-metacentric-compound fourth
chromosome. We attempted to make at least five duplicate crosses for each tested two-three com-
plement. One-half the regular maternal fourth-chromosome segregants are recovered as haplo-4’s
owing to fertilization with nullo-4 sperm. Haplo-4’s are extreme Minute, which causes erratic
recovery; consequently, although counted, they have been eliminated from all the data presented;
the other half of the regular progeny are C(4)RM, ci ey®/spaf°!, which are phenotypically
normal, triplo-4 flies. Two types of ova that are exceptional for chromosome 4 are produced:
diplo-4 zygotes, which we presume to be virtually lethal following GrerL (1961), when ferti-
lized by C(4)RM-bearing sperm; nullo-4 ova produce viable C(4)RM, ci ey® zygotes when
fertilized by C(4)RM-bearing sperm but are nullo-4 and inviable when fertilized by nullo-4
sperm. Thus half of all maternal fourth-chromosome genotypes, regular and exceptional alike,
are recoverable from the cross. Half the maternal X-chromosome exceptions are inviable de-
pending on the sex chromosome content of the fertilizing sperm; all regular classes, on the other
hand, survive so that the efficiency of recovery of exceptional sex chromosome types is only half
that for regular segregants. Progeny phenotypes with respect to B are used in scoring for sex-
chromosome exceptions; B/~ females and —+ males are the regular, and -+/+ females and B
males are the exceptional classes. The two exceptional gamete types provide information on
somewhat different aspects of the meiotic process. Together, they test for homologous recognition
and chromosome orientation, while the nullo class, by itself, measures, additionally, the capacity
for anaphase movement.

In addition to scoring the progeny of generation 5 females for X- and fourth-chromosome
exceptions, crossing over in four regions of the X chromosome was measured (prn—cv = region
1, cv—m = region 2, m—f = region 3, and f—centromere — region 4). Our initial intention was
to select for further examination two-three complements which caused abnormal disjunction, or
abnormal recombination, or both. We attempted to use a sequential analysis method for early
detection of abnormal recombination; unfortunately, recombination was more variable than
assumed in designing the sequential analysis scheme so that instead of selecting 10% of the cases
for further counting as intended, we were saving the great majority of them. Therefore, ab-
normal map distance was abandoned as a criterion for selecting presumptive meiotic mutants,
although all progenies continued to be scored for recombination. Instead, presumptive mutants
were selected on the basis of increased nondisjunction of the X’s and the 4’s alone. All mutants
recovered would have been detectable simply on the basis of chromosome-4 behavior. Also since
the two-three complements were homozygous in the test females, the influence of heterozygosity
for autosomal inversions on meiotic behavior of the X’s and 4’s is not a factor that need be
considered.

FM6/Y; (or in subsequent generations y/Y;) males were also tested for the presence of
meiotic mutants. Single-autosome homozygotes, in which the other autosome carried either a
lethal or a sterile, were also tested since the interchromosomal effect on segregation is inopera-
tive in males. Consequently, many partial two-three complements that were not examined in
females were scored in males. The viability and fertility of the homozygous two-three comple-
ments examined for the presence of genss affecting fourth-chromosome disjunction in the male
are summarized in Table 2. Of 458 two-three complements, 123 were lethal free and male
fertile for both 2, and 3;, 87 for 2, but not 3;, and 90 for 3; but not 2;. These 123 full two-three
complements and 177 half complements were examined for their effect on fourth-chromosome
disjunction.

The combined data for the frequencies of recessive lethal and sterile mutations in both males
and females are given in Table 3. Two-three complements causing sterility in either males or
females alone were more common than those sterilizing both sexes; the latter are listed both as
male steriles and female steriles in the tables.

Since our initial intention was to screen only for mutations affecting meiosis in females, no
provision was made to produce males in which sex chromosome nondisjunction could be detected;
as pointed out previously, however, it is possible to arrange the cross such that ¥; is replaced by
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TABLE 2

Phenotypes of males homozy gous for autosomes derived from natural populations at
Via Ostiense (VO) and Via Salaria (VS ), Rome, Italy.
The autosomal pairs are first divided according to whether they carry recessive lethal factors
on chromosomes 2 or 3; the data are further subdivided according to the fertility
of males homozygous for the nonlethal-bearing chromosomes.

+: + 12); + +;1(3)
not not not
Population Fertile Sterile tested Fertile Sterile tested Fertile Sterile tested 1(2); 1(3) z
VO 23 8 3 13 3 2 13 3 4 9 81
VS 100 29 5 77 6 11 74 14 3 58 377
b 123 37 8 90 9 13 87 17 7 67 458
=3 .. 168 . o112 . o1 .. 67 458

a marked Y, e.g., y+Y. In the early stages of the experiments presumptive meiotic-mutant-
bearing males in generation 5 were crossed to C(1)RM, y/0; C(4)RM, ci ey®/0 females taken
from the same stock that produced YSX-YL, In(1)EN, v f B/O; C(4)RM, ci ey®/0 males to
which the presumptive meiotic-mutant-bearing females were crossed. Unfortunately, we redis-
covered the highly regular segregation of the compound X from the compound 4 reported earlier
by GreLL (1963) for females of the above genotype. The majority of ova produced were C(1)RM;
0, which survive when fertilized by Y-bearing diplo-4 sperm, and 0; C(4)RM, which survive
when fertilized by X-bearing, haplo-4 or nullo-4 sperm. Thus, both regular and exceptional males,
but only exceptional females, were recovered with representative frequencies. In later crosses,
the sampling was improved by replacing the compound X with free X’s as indicated in Figure 1;
under these conditions, the X’s separate and C(4)RM passes at random to the poles at the first
metiotic division.

The crossing procedure was designed for the detection of recessive mutations on the second
or third chromosome that cause abnormal disjunction of either the X or the fourth chromosomes
or abnormal X-chromosome recombination in females or abnormal fourth-chromosome disjunc-

TABLE 3

Summary of viability and fertility characteristics of autosomes derived
from data in Tables 1 and 2.
Percents of chromosomes 2 and 3 with recessive lethals, male-sterile,
and female-sterile factors are listed.

Via Ostiense Via Salaria
Phenotype Chromosome d o ? d ?
Lethal 2 o 39.5 Co 39.1
3 . 35.8 A 43.4
Sterile 2 18.7* 24.0¢ 7.2* 124+
3 18.7¢ 16.0¢ 15.9% 14.0+
243 95.8§ . 22.5§

* Calculated from the +; I('3) class in Table 2.

t Calculated from the +-; 4 class in Table 1 by multiplying the percent sterile ~+; - pairs
by the fraction of the tested sterile factors on the chromosome in question.

I Calculated from the [(2); + class in Table 2.

§ Calculated from the -t; -+ class in Table 2.



534 L. SANDLER, ef al.

tion in males. Mutants with other meiotic effects that can be imagined would not have been
detected by these procedures. For example, mutations that affect the meiotic behavior of only
the chromosome on which they are located would have been missed as would mutants affecting
X—Y disjunction or allowing meiotic recombination in males. The first type of mutant might
be detected by crossing test-complement homozygotes with compound-autosome-bearing males in
the case of females and perhaps with triploid females in the case of males; this would allow the
demonstration and recovery of autosomal alleles causing autosomal nondisjunction. The recovery
of recessive genes affecting the linkage relations of the chromosome on which they are carried
presents a much more difficult problem whose solution is not clear. The second type of mutant
mentioned could be easily detected by replacing ¥; with a marked Y as discussed previously in
connection with Figure 1. A rather simple modification of the scheme presented in Figure 1
would permit the detection of recessive genes allowing meiotic recombination in males; replace-
ment of 7(2;3)89, bw e in generation 3 males and subsequently SM1; TM2 in generation 4 males
with, for example, § Pin; R Pr would permit recovery of males of autosomal constitution 2;/2;;
3;/R Pr and 2;/S Pin; 3;/3; in which autosomal recombination could be detected.

For every autosomal complement that carried a putative female meiotic mutant, two SM1/2;;
TM2/3;; spab°l/spar°® lines were established—one that was multex/FMé and one that was y.
By performing appropriate crosses between these lines it was possible to produce anew females
homozygous for 2,; 3; and with the diagnostic complement appropriate for retesting the suspected
mutant. The same cross also produced (1) SM1/2;; 3,/3;, (2) 2,/2;; TM2/3;, and (3) SM1/2;;
TM2/3,, which were also crossed to YSX-YL, In(1)EN, v f B/0; C(4)RM, ci ey®/0 males to
ascertain which chromosome carried the mutant and to datect dominance. Single balanced lines
were also established of female-sterile-, male-sterile-, and suspected male-meiotic-mutant-bearing
two-three complements. Retests of presumptive male meiotic mutants were carried out in much
the same way as for female mutants to confirm the presence of a mutant, to identify its chromo-
some, and to assess its dominance. Female-sterile and semisterile complements were also retested
to examine the possibility that they carried a meiotic mutant so extreme as to virtually sterilize.
They were retested both by repeating the original test cross and by crossing them to compound-
autosome-bearing males to detect genomes in which sterility was attributable to a high incidence
of autosomal nondisjunction. Several of the presumptive female-sterile mutants did in fact
produce autosomal-exceptional progeny in such crosses; mei-T'3, which is discussed in the next
section, is such a mutant.

Two-three complements that contained a mutant of interest were carried in stocks segregating
for both SM7 and TM2, and, to the extent that these balancer chromosomes improved survival
or fertility of the lines, they persisted. However, no balancer is completely effective and the
possibility of losing a mutant by recombination between the test autosome and the balancer is a
problem. This is true of mutations located in the distal half of 3L and especially those toward the
end of 3R where the balancing efficiency of TM2 is low indeed. A number of suspected mutants
that disappeared between their initial detection and subsequent retests may have been in chro-
mosomal regions that recombine with the balancers.

Two mutants that were recovered ought perhaps to be mentioned before considering the
other meiotic mutants in detail. The first of these was a new occurrence of SD (Segregation
Distorter). It has been studied by two of us (NicoLerrt 1968, Nicorerr: and Trippa 1967;
NrcoLETTI et al. 1967). It maps in the center of chromosome 2 as do other SD alleles and
exhibits all the segregational properties of other SD alleles, but it is unique in that the second
chromosome is free of detectable chromosome aberrations.

Females homozygous for the second mutant produce a deficiency of male progeny; the effect
of the mutant and its location on the second chromosome are illustrated by the following results:
(1) 2,/2;; 3,/3; females produced 2449 Q@ :228 &, (2) SM1/2;; 3;/3; females produced
3249 Q : 3884 &, (3) 2,/2;; TM2/3; females produced 2409 @ : 654 &, and (4) SM1/2;;
TM2/3, females produced 2762 @ : 3023 &. Segregation of the maternal X chromosome was
completely normal. Evidence suggesting that this mutant may have something to do with
meiosis, however, is found in the recovery, from the 2;; 3, homozygotes, of three products of
unreduced eggs.
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THE MEIOTIC MUTANTS

In control crosses of females with Canton-S-derived two-three complements
and y/In(1LR)sc", y pn cvo m fy*; spa*®'/spa’' diagnostic complements by
YSX Yt In(1)EN, v f B/O; C(4)RM, ci ey®/O males, the combined {requency of
X- and fourth-chromosome nondisjunction was approximately 1 per 1000 prog-
eny. Consequently, in similar crosses involving the 118 two-three complements
tested from the two natural populations, a line was retested if, in all the dupli-
cates examined, two or more exceptional progeny were recovered. After retesting,
all but 11 test complements proved not to be detectably different from the con-
trols; these 11 cases, however, showed ten or more times the control frequency
of nondisjunction.

In males, four of 123 whole and 177 half complements tested caused high
fourth-chromosome nondisjunction and all of these behaved consistently upon
retesting. One of these, mei-S$332, produced high nondisjunction in both sexes
and is considered with the female cases. Two cases, mei-S8 and mei-O76, were
allelic. It is striking that the two alleles were collected at different times and on
opposite sides of Rome. Moreover, the two-three complements differed in that 076
carried a lethal on chromosome 3 (the meiotic mutant itself is on chromosome
2) whereas 88 did not. It seems, therefore, either that the Via Salaria and Via
Ostiense populations are related in spite of the distance between the points of
collection, or that the meiotic mutant in question is a very common one.

In all, we recovered two different mutants specifically affecting male meiosis,
ten affecting female meiosis, and one affecting both sexes. In considering these
meiotic mutants, we will discuss first those acting in females, and then those
acting in males.

Female meiotic mutants: The segregation data from the tests and retests just
described are given in Table 4. The observations made during these tests and
retests provided a basis for separating the 11 female cases into two experimentally
different categories—those with consistent, easily studied effects (three cases),
and those with small, variable effects that may be experimentally intractable
(eight cases). The reasons for the intractability are various. (1) The largest
category, comprising mei-O8, mei-S10, mei-S30, and mei-S68, (a) exhibited high
nondisjunction in some generations but not others, and (b) in generations when
the phenotype was exhibited, it did not follow either chromosome 2 or 3 (see
Table 4)). Thus, for mei-S710, one generation produced 12/1207 X plus 4 excep-
tions in the 2;/2;; 3;/3; genotype (where i = S10), 2/223 in the SM1/2;; 3,/3;
genotype and 0/646 in the 2;/2,; TM2/3; genotype. Some generations later, two
sublines, both of the constitution 2;/2;; TM2/3;, were tested; one produced
59/181 exceptions, the other 0/161. The high nondisjunction subline was tested
two generations later with and without SM7 and TM2 and produced: 2/145 in
2i/2:5 34/34, 7/63 in SM1/2;; 3,/3:, 3/3062 in 2,/2;; TM2/3;, and 4/2906 in
SM1/2;; TM2/3;. Both mei-O8 and mei-S30, initially and in some of the first
retests, produced the frequencies of exceptions shown in Table 4, but several
generations later gave no evidence of nondisjunction in any genotype. Finally,
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TABLE 4

Disjunctional data from the crosses summarized in Tables 5 and 6.
All except haplo-4 progeny are recorded.

Constitution of
ova producing recovered progeny

Maternal constitution Frequency of exceptions
—_— X X X XXXXXX 0 0 0
Line xr 22 38 4 4 0 4 4 0 4 4 O 2 X4 25 38 44
CS A 4+ 8307 1 2 1 0 0 3 0 0 8311 05 1/7 0/80 04
A+ + 5112 0 4 0 0 0 0 0 0 5116 00 0.8
B + + 14000 1 2 0 0 0 4 1 1 14099 04 0.4
A SM1 + 4377 2 4 1 1 6 2 1 0 4388 1.1 1.8
B SM1 - 15239 4 5 2 0 011 1t O 15262 08 0.7
A 4+ TM2 5724 6 8 2 0 0 2 0 0 5742 07 2.4
B 4 TM2 1600010 1 3 0 0 5 0 1 16020 0.6 0.7
A SM1 TM2 5455 6 6 2 0 0 1 0 0 5470 05 2.2
B SM1 TM2 16006 4 4 1 0 0 2 0 O 16015 02 0.5
51 A + 4+ 1042 6 2 9 1 1 3 7 0 1071 19.6 158/416 109/430 15.9
A+ + 31 2 0000100 364 12 23
B + + 44 0 0 1 0 0 1 0 0 416 48 0.0
ASMI + 53 0 0 0 00 300 596 50 0.0
ASMI + 1999 1 3 0 0 0 2 0 O 2005 10 2.0
BSMI + 3133 1 1 0 0 0 4 0 0 3130 13 0.6
A + TM2 587 2 1 0 0 0 0 O O 590 0.0 5.1
A 4+ TM2 2200 3 2 1 00 1 0 0 927 09 2.3
B 4+ TM2 2896 1 00 0O 1 0 0 2898 03 0.3
A SM1 TM2 325811 3 0 0 0 0 0 O 3272 00 4.3
B SM1 TM2 2441 2 1 0 0 0 0 0 0 2444 0.0 1.2
$282 A - -+ 1500 2 3 4 1 0 6 2 1 1528 92 4/91 36/95 5.9
B + + 3 101 0000 1 37 541 54.1
A SM1I + 83712 6 6 2 414 1 1 883 317 99.4
B SM1 + 862222212 5 112 5 4 945 413 62.4
A+ TMZ 646 0000000 0 646 00 0.0
B+ TM2 84 001 00000 85 11 0.0
ASMITM2 1548 0 1 1 0 0 0 0 O 1550 06 0.6
B SM1{ TM2 1612 4 2 1 0 0 0 ¢ O 1619 0.6 3.7
8332 A + -4+ 341416 4 1 112 2 4 88 272.7 10/92 83/94 431.8
B -+ —+ 57 818 1 1 2 8 1 6 102 186.3 352.9
A SM1 + 204 3 1 6 0 0 2 0 1 217 414 23.0
B SM1 -+ 617 2 4 0 0 0 9 6 O 632 14.3 9.5
A 4 TM2 117 28 2819 2 431 6 11 246 296.7 321.1
B -+ TM2 62 1822 2 1 315 5 5 133 233.1 406.0
A SM1 TM2 1368 12 6 9 0 112 0 0 1408 156 13.4
B SM1 TM2 506 1 1. 0 0 01 0 O 509 20 39
08 A -+ -+ 684 9 5 4 0 01 0 O 703 71 1/75 1/62 19.9
S10 A + + 1196 1 4 1 0 0 4 1 0 1207 50 1/51 1/101 5.0
§30 A 4+  + 520 2 01 0 0 4 1 O 528 114 0/51 0/71 5.7



MEIOTIC MUTANTS IN DROSOPHILA 537

Constitution of
ova producing recovered progeny

Maternal constitution Frequency of exceptions
—_— X X X XXXXXX 0 0 0
Line X 22 38 4 44 0 4 4 0 4 4 0 z Xt 28 3 44
568 A 4+ 4+ 2001321 2 0 1 4 2 O 333 27.0 1/38 2/39 1111
S82 A 4+ -+ 4 01 2 00 00O 7 1429 0/45 0/37 285.7
089 A 4+ + 879 3 0 4 0 0 1 0 O 887 5.6 45
S308 A + + 2860 1 01 0 0 4 0 O 295 169 0/38 1/21 3.4
$329 A 4+ + 167 2 1 0 0 0 0 0 O 170 O 0/17 1/27 176

1A =In(1LR)scV!, y pncv m fy+/y.
B = In(1LR)scV1, y pre vyt /y.

2

2 p =4/t
SM1 = In(2LR)SM1, al? Cy cn? sp*/+-.

81 — 4 /1

= L
TM2 = In(3LR)Ubx?30, Ubx130 &8/+.

4 Rxpressed as number of exceptions per 102 progeny. For chromosome 4 half of all classes are
recoverable; for the X half the exceptional and all of the regular progeny are recoverable. Thus
the rate of recovery of X exceptions is half that of chromosome-4 exceptions.

5 Expressed as a fraction: The numerator is the number of chromosome-2 (or chromosome-3)
exceptional progeny recovered; the denominator is the number of females, when crossed to
C(2L)RM; C(2R)RM [or C(3L)RM; C(3R)RM] males, yielding the recovered exceptions.

mei-S68 has been examined extensively by Mr. L. Rossins, who observed that
this appearance and disappearance of the mutant effect has no regular pattern
and follows no particular genotype. His results, in fact, suggest that possibly the
causal agent is not chromosomal. (2) One case, mei-S82, is difficult to study be-
cause it is practically sterile. Thus initially, of many matings of 2;/2:; 3:/3:
females, only one produced progeny; she produced only seven offspring, but three
were exceptional. (3) The mutant, mei-O89, consistently produces about one
exception per 100 progeny—a frequency so low as to make analysis exceedingly
difficult. Finally (4), two cases, mei-S308 and mei-S329 behaved as mutants
initially and upon first retesting but subsequently the effect disappeared, appar-
ently permanently. These two may have been cases in which the mutants were
lost owing to ineffective balancing, or they may resemble those in category (1)
above.

In all cases, males homozygous for these two-three complements behaved
normally with respect to sex- and fourth-chromosome segregation. In addition,
salivary-gland-chromosome analysis revealed that mei-S10, mei-S68, and mei-
8329 are cytologically normal; mei-O8 carries two inversions, In(3L)P = In(3L)
63C;72E1-2 and In(3R)Mo = In(3R)93D;98F2-6, both of which are known in
other stocks where they are mot associated with abnormal meiotic behavior;
mei-S82 carries a small inversion in chromosome 2, In(2L)35E-F;36C-D; mei-
8§30 and mei-089 were not examined.

The three experimentally tractable mutants, mei-S51, mei-S282, and mei-S332
were retested in large numbers with and without SM? and TM2 in females with
both rmudter chromosomes. The recombination data for all 11 lines with v pn cv
m f-y+ are given in Table 5, and those with ¥ pn vyt in Table 6; the segregation
data from all tests are summarized in Table 4. It can be seen from the map lengths
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TABLE 6

! spaP! Females X YOX Y, In(1JEN, v F B/O; C{4IRM, ci ey/O males. Maternal autoromal constitutions

Recombination data from In(1LR)sc” |, y pn voy /y; spaP

and closses of progeny recorded as explained in heading of Table 5.

Controfs Presumptive meiotic mutants
cs 551 5282 5332

+TM2 SMITM2 £+ SMI +TM2 M1 TMZ2 SMI+ +TM2 M1 TM2 +IMZ SMITM2
¥ TEOFR ¥EOTF v B TR Ty

o
ES

He
1
|
Tie
1
i+
i+
o
i+
v

Region Phenotype Ea TOFT TR T G ¥ = T +
all B 598 6332 M3 4778 169 138 1263 1016 6 398 88 656 32 232 P B2
] Spnv 1840 1482 1677 1267 76 317 332 186 2 e 45 131 9 62 9 3
0 yer 2154 931 2039 1523 90 453 393 27 7 2 & 158 ] 58 12 35
Total nancrossover males 3994 3513 376 2790 166 70 725 459 9 34 86 29 2 120 21 68
3 ypa- N3 1277 w2 1287 8 02 92 23 o £ ° ns 9 47 8 27
sy 916 1101 1057 1093 1265 164 138 o 35 2 "y 7 6 4 35
2 yenv 837 984 92 hos 7 w7 m 178 H 48 7 e [ 4 8 4
2 +en 850 990 1000 1136 4 24 207 145 H 4 3 130 2 56 5 38
Total single-crossover males 3739 4352 4260 dod4 76 88 775 694 0 180 87 478 24 195 2 14
12 “pn ¢ 208 483 452 866 [ 72 12 0 1 13 9% 1 ] 5 3
1-2 y -y 159 568 470 933 2 75 62 146 0 1 12 99 5 28 3 3
Total double-crossover males 362 105! 922 1799 EINR T B 7] 275 o 2 2% 195 6 76 8 62
Tetal Mafes 8095 8916 8898 9233 245 1776 1634 1428 19 508 198 962 51 391 54 276
Map Length 55.1 724 686 893 3.7 44 3.8 87 526 323 692 90.2 706 887 75.9 97.8

given in Table 5 that although none of the intractable cases have an appreciable
effect on crossing over, the other three do (see also Table 6). Here we might note
two points. First, since the Seattle and Rome control crossover data differ slightly,
all comparisons to be made are between sets done in the same laboratory. Second,
it can be seen in Tables 5 and 6 that reciprocal classes are not recovered equally
frequently. We attribute these differences to reduced viability of mutant classes
of flies, and have made no attempt to correct the data although, in comparisons
among lines differing in intrinsic crossover rates, this is a confounding effect.

In addition to the tests already described, we examined the effects of mei-S51,
mei-S282, mei-S332 (the tractable meiotic mutants), and mei-7'3 (a case that will
be discussed later) on nondisjunction of chromosomes 2 and 3. This was done by
crossing y/y; mei-/mei-females with males carrying an X chromosome marked
with ¥ and compound autosomal arms [either C(2L)RM; C(2R)RM or
C(3L)RM; C(3L)RM]. The two compound chromosomes remain univalent in
primary spermatocytes; consequently, sperm are formed with neither, one, the
other, or both compound chromosomes in roughly equal frequencies. The surviv-
ing progeny from a cross between compound-autosome-bearing males and females
carrying normal autosomes are derived only from obcytes and spermatocytes in
which the two autosomal elements proceed to the same pole at either meiosis I or
IL. Since only exceptional products of odgenesis are recoverable from this cross,
1t is possible to determine that autosomal nondisjunction is occurring, but it is
not possible to accurately estimate its frequency.

It is further possible to examine the incidence of X-chromosome exceptions
among autosomal exceptions obtained from this cross for comparison with that
observed in crosses using normal autosomes where autosomal disjunction is
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TABLE 7

X-chromosome genotypes of autosomal exceptions produced by crosses of meiotic-mutant-bearing
females by males of the following genotypes: (1) C(2L)RM; C(2R)RM,
(2) C(3L)RM; C(3R)RM, (3) C(4)RM/0

Genotype of primary cocyte with respect to Autosomes
Autosomes

Mother X Chromosome 22 1] 33 0 44 1] IAA Z0
X 49 41 28 25 6 2 83 68

mei-S51 XX 4 24 3 12 1 1 8 37
0 38 2 37 4 7 0 82 6

X 1 3 12 14 2 3 15 20

mei-S282 XX o 0 4 1 1 0 5 1
0 0 0 5 0 2 1 7 1

X 2 4 43 18 17 28 62 50

mei-S332 XX 0 0 2 1 2 3 4 4
0 1 3 2 17 2 10 5 30

X 0 2 15 11 .. .. 15 13

mei-T3 XX 0 0 1 1 0
0 0 0 0 1 0 1

regular. It is also possible to examine the incidence of X-chromosome exceptions
among fourth-chromosome exceptions in crosses to C(4)RM /0 males. The results
are presented in Table 7. It can be seen that rather large numbers of autosomal
exceptions were recovered from each mutant type; comparable numbers of con-
trol matings yielded fewer than 10 autosomal exceptions. These autosomal non-
disjunction results, except those from mei-T3, have also been summarized in
Table 4.

One technical point should be made in interpreting these frequencies. One
stock of attached chromosome 3’s C(3L)RM, se h rs*; C(3R)RM, sbd gl e°, was
used throughout, but two different second chromosome stocks were used. One,
C(2L)RM, b; C(2R)RM, cn, was used in all tests except some involving mei-S51
where C(2L)RM, dp; C(2R)RM, px was employed. Evidently, segregation in
males of these two stocks is different—the dp; px pair producing potentially
recoverable sperm more frequently. Thus the lower frequency of exceptions
recorded for chromosome 2 as compared with chromosome 3 almost certainly
reflects differences in the tester males and not in the meiotic mutants’ effects on
the disjunction of the two major autosomes, which, based on the results from
mei-S51, are probably equivalent.

Before considering the three good female cases in detail, we will consider the
case of mei-T3. This two-three complement was originally scored as a third-
chromosome female sterile. In single-female matings to normal males it is con-
sistently sterile, whereas both 2;/2;; TM2/3; and SM1/2;; TM2/3; females are
fertile, give large progenies, and produce no excess of exceptions. However, as
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shown in Table 7, in mass matings to attached-autosome-bearing males, T3
homozygotes produce exceptional progeny: two second-chromosome exceptions
from 40 matings and 28 third-chromosome exceptions from 65 matings (the dif-
ference being a property of the male tester stocks as discussed above). Moreover,
the presence of many X-chromosome exceptions among the autosomal exceptions
indicates that mei-73 is a third chromosome recessive meiotic mutant so drastic
as to render homozygous females highly infertile.

We now consider the three most extensively tested fernale meiotic mutants:
mei-S51, mei-S282, and mei-S332.

mei-S51: meiotic from Salaria 51. The first effect of mei-S51 to be noted is
that crossing over on the X chromosome in females homozygous for the mutant
two-three complement is uniformly reduced (with the possible exception of the
most proximal region which exhibits a lesser effect) to about one-half the control
value. Thus, in the case of y pn cv m fy+ (Table 5), reading the regions from
pn proximally, the control values versus the experimental values in map units
for the Roman data were as follows: region 1—13.7 vs 8.4; region 2—24.8 vs 9.1;
region 3—16.0 vs 8.8; and region 4—6.8 vs 5.2. For the Seattle data, they were:
region 1—11.8 vs 6.7; region 2—22.6 vs 12.4; region 3—14.8 vs 9.3; and region
4—7.1 vs 7.7. A similar reduction to about half the control values is evident in the
y pn vyt tests recorded in Table 6.

Although crossing over is uniformly and repeatably reduced in all the tests
and genotypes given in Tables 5 and 6, it is not evident which major autosome
carries the mejotic mutant. In all cases, crossing over is slightly reduced in both
SM1/2;;3:/3; and 2;/2;; TM2/3; and perhaps even in SM1/2,; TM2/3; females.
If the last result is real, then mei-S51 is somewhat dominant; in any event the
main, recessive, effect appears to be synthetic—that is, it requires recessive fac-
tors carried on both chromosomes 2 and 3. Alternatively, it may be that mei-S57
is dominant but relatively ineffective in reducing exchange in the presence of
heterozygous inversions causing increased crossing over.

The segregational behavior of mei-S57 is still more puzzling. At first, the line
exhibited both abnormal segregation and abnormal crossing over. Subsequently,
the segregational behavior became normal, although the crossover effect remained
unchanged. Autosomal nondisjunction, however, was subsequently found to occur
m one subline. It seems, therefore, that the disjunctional anomaly in mei-S57 is
genetically separable from the crossover effect, but whether or not the mutant
crossover behavior is necessary for nondisjunction requires further study.

Although the genetic basis for the abnormal segregation in mei-S51 is obscure,
the pattern of segregation is clear and repeatable: (1) there is a positive correla-
tion in the probability of nondisjunction of nonhomologous chromosomes; (2)
nondisjoining nonhomologs tend to separate from each other; (3) the nondis-
junction occurs at the first meiotic division as evidenced by the genotypes of the
X-exceptional females. Thus, in tests in which the X and 4 were followed, prog-
eny were recovered from eight obcytes in which the two X’s separated from the
two 4’s, and from only one in which all four elements went to the same pole.
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Moreover, among autosomal exceptions produced by mei-S51, there were 47%
(133/284) X-chromosome exceptions compared with 19 (12/1058) from oécytes
with regular autosomal disjunction. Thus, disjunctional behavior of the X’s and
the autosomes within a cell are strongly correlated. Furthermore, in simultaneous
X and autosomal exceptions, the two X chromosomes separate from the two auto-
somes 909, (119/133) of the time. These observations suggest that in oocytes of
mei-S51 females, chromosomes may pair nonhomologously and separate from
each other at the first meiotic division.

Segregation of the sex and fourth chromosomes is normal in mei-S57 males.
Salivary analysis revealed no anomalies on either the second or third chromo-
somes.

In summary, the simplest interpretation is that the §57 two-three complement
appears to carry either a dominant gene or recessive factors on chromosomes 2
and 3 which cause a uniform reduction in crossing over to about one-half the
control value. There appears to be another factor causing a high probability of
nondisjunction for all chromosomes owing to the tendency of nonhomologs to
separate from one another at the first meiotic division. This mutant is being
studied further by Mr. L. RoBBINs.

mei-S282: meiotic from Salaria 282: The first effect to be noted is that crossing
over is reduced to about one-half the control value in 2;/2;; 3;/3; and SM1/2;;
3;/3; females, but is normal in TM2 heterozygotes. There is, therefore, a reces-
sive crossover mutant on chromosome 3. This reduction in crossing over, unlike
that of mei-§51, is not uniform along the chromosome, but is polarized; the reduc-
tion being most pronounced distally. Thus, we observe from the data in Table 5
that the map lengths (control versus experimental) were as follows: region 1—
13.7 vs 1.7, region 2—24-.8 vs 10.4; region 3—16.0 vs 7.9; and region 4—6.8 vs
8.9. This same polarized effect, less striking owing to the interchromosomal effect,
is also evident in the data from SM1 heterozygotes recorded in Tables 5 and 6.

The third chromosome recessive, mei-S282, also causes an elevated frequency
of nondisjunction of all the chromosomes (see Table 4). As in the case of mei-S51,
the nondisjunction occurs at the first meiotic division as indicated by the X-chro-
mosome constitution of X-exceptional females, and nondisjunction of the differ-
ent chromosome pairs is highly correlated. This correlation is illustrated by the
following observations: (1) In the absence of SM1, the number of X-chromo-
some exceptions was 15 and of fourth-chromosome exceptions 11 in a total of
1565 flies; on the basis of independence, the expected number of double exceptions
is 15 X 11 + 1565 = 0.1, whereas the observed number was five. In SM7 hetero-
zygotes, the expected number of double exceptions is 67 X 85 + 1828 = 3.1 as
compared with an observed number of 23. These calculations are from the sum-
med A and B sets in Table 4. (2) Although not recorded in the table, there were
also two intersexes from ova with two X chromosomes and two sets of autosomes.
(3) There were approximately 30% (14/49) X-exceptions among autosomal
exceptions (Table 7) compared with less than 19 (11/1554) among regular
autosomal segregants (Table 4).
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Different nondisjeining chromosome pairs assort independently. Thus, in total,
there were eight diplo-4 and 5 nullo-4 exceptions among two-X exceptions, and
eight diplo-4 and seven nullo-4 exceptions among nullo-X exceptions (Table 4).
In the double exceptions recorded in Table 7 the two X’s went to the same pole
as the two autosomes six times and to the opposite pole eight times.

The results agree with expectations based on random recovery of X chromo-
somes among autosomal exceptions and suggest complete failure of synapsis of
the entire complement in a fraction of cells followed by random assortment to the
poles. Two other observations must be considered in connection with the idea of
random assortment in a subset of cells. First, in the absence of SM1, two fourth-
chromosome exceptions were recovered in males—both from 543 noncrossover
males, none from the 196 crossover males. With SM7, 18 fourth-chromosome
exceptions were recovered from 640 noncrossover males; only four were recovered
from 375 recombinant males, but this is still ten times the frequency observed
in SM1 control crosses (18/19650). Thus, nondisjunction of the fourth chromo-
somes implies a lack of crossing over in the X’s, which tends to support the notion
of a subset of cells with no pairing; there were four exceptional chromosome-4
cases in crossover males, however. Second, if segregation is random when non-
disjunction occurs, then there should be X exceptions: chromosome-4 exceptions:
double exceptions in the ratio of 1:2:1 (owing to the fact that for chromosome 4,
half of all classes are recoverable, while for the X, half of the exceptional, but all
of the regular, classes are recovered). The observed classes in the first test (Table
4) were 10:5:4; with SM1 they were: 20:19:8; with SM? and y pn vy* they
were 24:44:15. These ratios are evidently variable, but the latest, largest test
agrees with the 1:2:1 expectation, and results of a still larger experiment, per-
formed by Miss DiLys Parry, also agree with expectation (36:77:30).

Segregation of the sex and fourth chromosomes is normal in mei-S282 males.
Salivary analysis revealed no anomalies on either the second or the third chro-
mosome.

Thus we tentatively conclude that mei-S282 is a recessive on chromosome 3
that causes (1) failure of pairing in a fraction of cells and (2) a polarized reduc-
tion in crossing over (most pronounced distally) among regularly disjoining
chromosomes. This mutant is being studied further by Miss Pagry.

mei-S332: meiotic from Salaria 332: Salivary analysis revealed no anomalies
on either chromosome 2 or 3. Nondisjunction in mei-S332 homozygotes or with
TM2 is extremely high for both the X and fourth chromosomes (Table 4). With
SM1, segregation is much more regular but nondisjunction is nevertheless higher
than normal. Thus, it appears that a partially dominant nondisjunction-produc-
ing mutant is located on chromosome 2. That the effect of mei-S332 on segregation
extends to the sex and fourth chromosomes in males is shown later in Table 8.
Two important points may be made about the abnormal segregation caused by
mei-S332. First, the incidence of nondisjunction in males and females is approxi-
mately the same and nonhomologs are independent. Thus summing the SM7+
data (Table 4), we see that in females the frequency of X-chromosome exceptions
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TABLE 8
< ’ +, __pol, pol . R . .
egregation data from FMé/yY; spa®® /spaP® males X y pn; C(4)RM, ci ey females. Poternal outosomes were derived from an inbred Canton
Special stock (control) or from presumptive meiotic-mutant-bearing autosomal pairs, All progeny except haplo-4's are included .

Controls Meistic Mutants

Sperm Ccs S8 081 5332

Constitution Phenotype ++ Cy+  +Ubx Cy Ubx ++  Cy+  +Ubx Cy Ubx Cy+  +Ubx Cy Ubx ++  Cy+  +Ubx Cy Ubx
X; 4 ylBee 5449 8380 6968 8618 176 502 349 1544 302 a4 1381 49 28 81 28
Y; 4 pndd 5121 7908 6677 7340 135 420 294 1247 262 93 101 57 285 87 273
X/Y; 4 Bge 5 17 4 9 0 [ 0 1 9 0 1 1 3 8 3
04 ypndd 19 ] 4 4 0 1 2 10 18 0 2 30 5 82 5
X; 4/4 yiBpolese 1 1 1 1 22 0 7 3 5 0 o 12 0 27 0
X; 0 Yaciey2e 2 2 3 7 88 o 122 1 4 o ¢ 1 [ 25 [
Y; 474 pnpol &' & 1 2 1 ! 2 0 85 5 17 1 1 8 4 20 [
Y;0 pnciey & 1 2 2 0 68 1 135 1 9 0 1 12 o 2 1
X/Y; 474 B pol 9 ¢ [ 4 0 0 0 0 0 0 0 0 0 0 0 1 0
X/Y; 0 Beiey?? 0 0 1 1 0 0 [ 1 1 0 0 1 0 4 [
0; 4/4 y e pol ¢ 2 o 0 1 0o o 0 0 0 0 1 8 0 18 o

0;0 ypncieydsd 0 0 0 0 [ 0 0 4 0 o 4 0 34 0

is 25.89%,, of chromosome 4 exceptions is 36.4%, and of double exceptions is 9.7%
compared with an expectation of 9.49, on the assumption of independence. This
agreement with expectations on the basis of independence extends to the relation-
ships among the various exceptional classes. Further, the attached autosome
results given in Table 7 show that in mei-S332 females, the frequency of X-chro-
mosome exceptions among autosomal exceptions (43/155=289%) is approxi-
mately the same as among regular autosomal segregants (23/105 = 229, ). Thus
the X chromosomes and the autosomes appear to behave independently in all
tests. In males (see Table 8), comparable frequencies of nondisjunction and
chromosomal independence are exhibited. Summing the SM7+ data in Table 8
shows that the total frequency of sex-chromosome exceptions is 33.0%, of chro-
some-4 exceptions is 38.5%, and of double exceptions is 13.29, compared with
an expectation based on independence of 12.7%. Thus, in males, frequencies of
nondisjunction similar to those observed in females are found as is chromosomal
independence. However, although the various classes are in agreement with the
expectations based on independence, there are some unexplained differences be-
tween the tests with and those without 7M2, and a curious deficiency of certain
nullo-chromosome gamete types.

The second important point about the segregation in mei-$332 homozygotes
of both sexes is that the nondisjunction occurs predominantly, at the second
meiotic division, The evidence for this is that among 47 female X-exceptions
recovered from y/y pn cv m fy+ females (Table 4), 35 were y (ie., received
sister X centromeres) and therefore must have been the result of second division
nondisjunction, while only 12 were y+. Of the latter, four were tested; three
were sterile and the fourth was homozygous for the centromere marked by y+
and, therefore, also must have been from second division nondisjunction (the
ratio of 35:12 probably reflects a reduced viability of homozygous scV*). However,
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among 20 progeny from diplo-3 ova recovered from crosses of mei-S332/mei-
S$332; TM2/3; females to C(3L)RM; C(3R)RM males, 5 were Ubzx (ie,
TM2/+) indicating that approximately 159, of autosomal exceptions result from
nondisjunction in the first meiotic division. The evidence that the nondisjunction
in males takes place predominantly at the second division comes from the sex-
chromosome exceptions. First division nondisjunction produces X /Y- and nullo-X-
nullo-Y sperm as complementary products leading to the formation of B female
and y pn male exceptions in the crosses recorded in Table 8. Nondisjunction at the
second division, on the other hand, leads to FM6/FMé-bearing sperm, y Y /y +Y-
bearing sperm, and nullo-X-nullo-¥ sperm which produce lethal metafemales,
apparently regular prn males, and exceptional y pn males respectively. Thus,
second division nondisjunction is distinguished from first division nondisjunction
by the deficiency of exceptional B females expected from the latter. The results
in Table 8 show 52 y pn male exceptions and only two B females in the absence
of TM2 and 134 y pnd 4:13 B2 2 in the presence of TM2. Thus, it is clear that
most of the nondisjunction in males occurs at meiosis II; whether the few female
exceptions result from first division nondisjunction or from regular disjunction
in XYY products of second division nondisjunction in the preceding generation,
remains to be determined.

There is a second meiotic effect of the $332 two-three complement. Crossing
over is increased in all autosomal genotypes as shown in the “map length” row
of Tables 5 and 6. In the tests recorded in both tables, the crossover effect is con-
sistent and is most pronounced in the 2;/2;; 3:/3; and SM1/2;; 3:/3; genotypes.
Thus it appears that the §332 two-three complement carries a dominant crossover
enhancer, possibly on chromosome 3. Tentatively we symbolize the disjunctional
mutant on chromosome 2, mei-S332a, and the crossover mutant, mei-S3325b.

While the crossover-enhancing effect of mei-S332b is clear, it is difficult, from
the available data, to specify the pattern of the increase. The y pncomfy+/y data
(Table 5) indicate no regular polarization of the enhancement, but in all cases
the most proximal region shows the most pronounced effect. The y pn vyt /y
data (Table 6) however, show a reverse polarity without heterozygous inversions,
but a larger proximal increase similar to that observed previously, in the other
three genotypes.

In summary, we tentatively conclude that mei-S332q is a partial dominant on
chromosome 2 that causes second meiotic division nondisjunction in both males
and females with a fixed probability for each chromosome pair and with the
different pairs assorting independently. This implies that the second meiotic
division is at least partially under common genetic control in the two sexes.
Further, mei-S332b is a dominant, possibly on chromosome 3, that increases
recombination along the chromosome in an, as yet, undetermined pattern. These
mutants are being studied further by Mr. B. Davis,

Male meiotic mutants: Of the four male meiotic mutants found, one was mei-
8332 (just discussed), two were allelic and will be referred to as mei-S8, and the
last is mei-O81. Data on the segregation of the sex and fourth chromosomes for
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these cases are shown in Table 8. Salivary analysis revealed no abnormalities in
any of these lines.

mei-S88: meiotic from Salaria §: This is a recessive mapping at 79.7 on chromo-
some 2 that causes high nondisjunction of chromosome 4, but has no effect on the
sex chromosomes. Nondisjunction of chromosome 4 takes place in primary sper-
matocytes in cytological preparations. A clear and consistent excess of nullo-4 over
diplo-4 sperm suggests chromosome loss concomitant with the abnormal segre-
gation. mei-S8 may be a gene that specifically controls the meiotic behavior of
some chromosome pairs in the complement, but not others. For example, the sex
chromosomes might be insensitive to the meiotic mutant, or, perhaps, chromo-
some 4 is special because of its small size.

mei-081: meiotic from Ostiense 81: Evidently this mutant is a recessive on
chromosome 3, which affects the behavior of all the chromosomes. Failure of
homologous pairing can be observed in cytological preparations of primary
spermatocytes. Although the data are few, it seems most reasonable to imagine
that all of the chromosomes are nondisjoining independently at the same rate.
The overall frequency of sex-chromosome nondisjunction was 5.0%, of chromo-
some-4 nondisjunction was 7.8%,, and of double nondisjunction was 0.789%, com-
pared with an expectation based on independence of 0.399,.

The male meiotic mutants are being studied further by Drs. B. NicoLeTTI
and G. Trippa.

GENIC EFFECTS ON CROSSING OVER

In addition to the detection and isolation of meiotic mutants of relatively drastic
effect, the experimental design employed here allows a more general analysis of
the total effect on crossing over, between a pair of stock—and therefore standard
—X chromosomes, of genetic differences segregating in these populations. A
number of duplicate determinations of X-chromosome recombination was made
for each two-three complement. Thus it is possible to determine the variance in
crossing over that may be ascribed to differences among two-three complements.

First, there are a number of general considerations. (1) The statistic used to
measure crossing over is map length, which is the mean number of crossovers per
chromosome (iEir,- /ZL)ri, where 7; is the number of i-recombinant strands). (2) To

minimize the error owing to differences in the number of duplicates tested per
two-three complement and to differences in fecundity among two-three comple-
ments, cultures producing fewer than 15 male offspring were not included in
the analysis, and only two-three complements with at least two acceptable dupli-
cates and only the first five of these were included. (3) The variation attributable
to error (that is, the mean squares among duplicate cultures about the mean of
each two-three complement), s?, and the mean squares due to variation among
two-three complements about the mean for all two-three complements, s,?, were
estimated by computer. The results are given in the left-hand section of Table 9
along with the fraction, s,%/ (s? -+ s,*), which is the proportion of the total variance
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TABLE 9

Estimates of the contribution of differences among homozygous two-three complements to the
total variability in the map distance between pn and the centromere of the X chromosome.
Model I treats the variance among duplicates and Model 11 the variance among
chromosomes as discussed in the text

Number of Model I Model 1T
complements Map
Population tested length s2 sty s2,/58 2, §2* s2, 0 82, /50 4,
Canton Special 41 61.48 116.20 2.3 019 3779 8 .002
Via Ostiense 16 61.35 184.18 81.2 .306 3949 62 016
Via Salaria 78 62.53 206.79 80.9 281 3956 111 .027

* For all experiments the additional contribution to the variance attributable to duplicates
was not significantly different from zero. The error mean square (s2) was therefore estimated by
pooling the sum of squares owing to duplicates with that ascribable to error.

in crossing over on the X chromosome that can be attributed to differences among
two-three complements.

These results may be checked in another way. Each chromosome recovered in
these crossover experiments will have 0, 1, 2, or 3 crossovers; that is, map lengths
of 0, 100, 200, or 300 units, and a group of chromosomes will have a mean map
length. Variances can be computed as the squared deviations of each strand from
a mean (either the overall mean, or the mean of a particular two-three comple-
ment, as before). Such an analysis has been done; the results are given in the
right-hand portion of Table 9.

The two analyses differ in that, in the first procedure, the metric employed
was conventional map distance which, being a mean, is normally distributed and
thus satisfies one of the basic variance-analysis assumptions. However, it does
not weight the accuracy of each crossover determination according to the number
of progeny per duplicate. The second procedure, on the other hand, does not deal
with a normally distributed variable, but does give each strand equal weight. The
fact that both methods lead to similar estimates of s, suggests that the general
conclusions to be drawn are correct.

The map length is the same for Canton-S and the two natural populations.
However, the most striking feature of this analysis is that the variance attribut-
able to differences among two-three complements is not significantly different
from zero for the Canton-S controls, but is significantly greater than zero and
similar (i.e., ca. 80 cM?) for the two different natural populations. The genetic
Interpretation of this component of the variance in crossing over is not immedi-
ately obvious. The most reasonable interpretation is that in natural populations
many genes that affect crossing over are segregating (and, incidentally, therefore,
that natural populations harbor many potentially-resolvable meiotic mutants).
However, two ambiguities exist. First, the number of gene differences involved,
as contrasted to their effect, is not resolved by this analysis. Second, the variance
measured was the variance in recovery of crossover classes which need not be
wholly a reflection of variance in the rate of crossing over. For example, viability



548 L. SANDLER, et al.

differences among the phenotypic classes, if correlated with the maternal geno-
type, could have contributed to the variance. Nevertheless, it seems most probable
that there are many genes segregating in natural populations that affect the rate
of recombination.

A similar conclusion has been reached by LeviNe and Levine (1954, 1955)
who demonstrated an effect of genes on chromosome 3 on X-chromosome recom-
bination in Drosophila pseudoobscura, and by Lawrence (1958, 1963) who
found significant effects of the parental genotype on X-chromosome crossing over
in D. melanogaster. However, in Drosophila, selection for high or low recombina-
tion rate has met with dubious success (see, e.g., PArsoNs 1958, and Acron 1961).

ON THE COEFFICIENT OF COINCIDENCE

The probability of observing a chromosome recombinant in a particular genetic
interval is the product of the probability that the preconditions for exchange in
that interval (e.g., pairing) will be satisfied and the probability that an exchange
will in fact occur. Altering either of these probabilities changes the observed fre-
quency of crossing over. A still useful way of making the distinction between
these two components of recombination was proposed in 1915 by Bripces. He
imagined that homologous chromosomes twisted about one another to form rather
widely spaced rodes, or points at which exchange is possible, and that there is a
fixed probability that, given a node, an exchange will occur. He also suggested
that chiasma interference could be considered the consequence of the spacing of
the nodes (i.e., that the distribution of the number of nodes per chromosome or
chromosome segment was not Poisson). Reading “the set of all chromosomal pre-
conditions for exchange” for “nodes” yields a still valid way to make a first
separation among the causes of changes in recombination rates and, in particular,
to inquire whether a meiotic mutant that affects recombination does so by chang-
ing the probability either that the preconditions are satisfied or of the exchange
event itself.

A mutant that affects the probability of exchange given the preconditions,
without affecting the preconditions themselves, should not influence the intensity
of interference. This can be seen as follows. Consider a length of chromosome,
divided into two marked regions, each sufficiently small so that at most one node
per region is possible. Let & be the probability of a node in only one region, b be
the probability of a node in only the other, and d be the probability of two nodes,
one in each region. Let the probability of an exchange, given a node, be z. Then
the coefficient of coincidence, C, is

c— x%d _ d
T Zlatd)x(btd) (atd) (bFd)’
which is independent of z. Thus variation in z, and hence in map length =
z(a+b+2d), will not change C.

On the other hand, meiotic mutants that affect the rate of recombination by

influencing node distribution (i.e., have their effect on any one of the set of pre-
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conditions Yor exchange) will likely change both crossing over and interference
since the intensity of interference is a function of a, b, and d or, following BrincEs
1915, the consequence of the spacing of the nodes.

In this connection, from all of the crossover data given here, a rather interesting
situation presents itself. The entire X chromosome (from pn to the centromere)
is followed as two adjacent equal-sized regions (directly in those crosses involving
the ¥ pn vy chromosome, but also in the crosses with the y pncv m fy+ chro-
mosome if cv and f are ignored). The map length of this chromosome varies from
about 30 units under the influence of homozygous mei-S51 to over 90 units in
the presence of mei-S332a/SM1; mei-S332b/mei-S332b. Map lengths intermedi-
ate between these extremes are provided by the control crosses and crossover-
affecting meiotic mutants with and without autosomal inversion heterozygosity.
The physical structure of the X chromosome is, of course, identical in all cases.

Thus it is possible to inquire about the relation between map length and co-
efficient of coincidence in a situation in 'which map distance varies but the physi-
cal structure and the regions studied remain invariant. This relation is shown in
Figure 2. The data for the points in the plot are in Tables 5 and 6. The 95%
confidence limits for the estimates of C on the points closest to the origin are quite
wide (e.g., 0.25 and 0.86 for mei-S282 where C = 0.61) owing to the low numbers
of recovered double recombinants; nevertheless, the estimates of C are apparently
reproducible as evidenced by the fact that replicate tests (or tests of the same
autosomal constitution, but with the two differently marked X chromosomes) give
similar estimates. The only exceptions are one test with mei-§282 with only two
double crossovers, and one test of mei-S332 involving only 35 male progeny.

With the exception of mei-§282, a regular, and approximately linear, relation-
ship between map length and the coefficient of coincidence obtains for the points
shown (with, of course, the constraint that as map length approaches 100 units
with just two regions, the coefficient of coincidence necessarily, making the usual
assumptions about exchange, approaches 1.0). This result is consistent with the
hypothesis that both the meiotic mutants mei-S332b and mei-S51 affect crossing
over by altering one or more of the preconditions of exchange and, not directly,
the probability of exchange. This is evidently also the case for the interchromo-
somal effect. This latter is in agreement with the results of interchromosomal
effect tests generally (see, e.g., RENDEL 1957, 1958).

If the preliminary estimates of C are confirmed by further testing, then homo-
zygous mei-$282 reduces crossing over 'without reducing coincidence both in
structurally normal and SM7 females and appears to be a mutant affecting the
probability of exchange itself. It is significant that TM2/mei-S282 females, either
with or without SM7, behave like the controls. The observation, that mei-S282
reduces crossing over in a polarized manner, does not affect this argument. How-
ever, the segregation data taken in conjunction with the recombination results
indicate that there is a subset of cells in which there is no pairing. If this cellular
heterogeneity extends to partially paired chromosomes—which could, of course,
explain the polarized effect—then the coefficient of coincidence would be inflated.
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Ficure 2.—A plot of the coefficient of coincidence against map length for all control crosses
and meiotic mutants with an effect on crossing over. The points are calculated from the data given
in Tables 5 and 6; in those from Table 5, however, the markers cv and f have been ignored. The
genotypes with respect to meiotic mutants are represented by the following symbols: [ =
normal; A = mei-S51; O = mei-S332b; O = mei-8282, Where a symbol is crossed from the
upper right to lower left, the females were heterozygous for SM1, and where crossed from the
upper left to lower right, heterozygous for TM2.
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Thus, until the mechanism of mei-S282 is understood, this result cannot properly
be used to position the place in the meiotic cycle at which mei-S282 acts.

From the suggestion that neither the mutants, mei-S51 or mei-S332b, nor the
interchromosomal effect act by affecting the probability of an exchange given the
preconditions, and from the uncertainty surrounding mei-S282, it might be
imagined that the probability of exchange is always unity once the preconditions
are satisfied; that is, that exchange cannot usefully be thought of as a two-step
process as we have been doing here. The resolution of this problem will rest with
the discovery of either conditions (see, for a possibility, Hayman and Parsons
1961) or meiotic mutants that affect recombination rate, but leave coincidence
unchanged.

ON THE GENETIC CONTROL OF MEIOTIC CHROMOSOME BEHAVIOR

It is likely from the results of the variance analysis on crossing over given
above, from the number of genes affecting meiosis previously known, and, most
importantly, from the frequency of meiotic mutants segregating in the natural
populations we have studied, that many—and conceivably most—steps in the
meiotic process are under cytogenetically resolvable genic control. It seems worth-
while, therefore, even though our information on the control processes of meiosis
is fragmentary, to consider some generalized theoretical framework within which
the control system may be studied. To this end we may regard the continuity of
the germ line as being composed of a cycle of chromosome behavior consisting of
the two meiotic divisions and a number of mitotic divisions; in the latter are
included incidentally the formation of the soma and importantly the gonial
mitoses. We consider initially two such control cycles—one in each sex. We
recognize, moreover, four genetic landmarks (i.e., processes with genetic conse-
quences) in the female cycle: mitotic exchange and segregation, exchange in
meiosis I, disjunction in meiosis I, and disjunction in meiosis II. In the male cycle
there are only three genetic landmarks owing to the absence of meiotic exchange.

At this juncture, two points should be made. First, the sequences being con-
sidered here are concerned solely with the genetic control of chromosome be-
havior; they are not to be taken as indicating, except incidentally, anything about
the cells in which the meiotic phenomena occur, nor are these primarily temporal
sequences. Second, there are two conceptually different kinds of mutations that
could alter the meiotic behavior of a mutant individual. These are: (1) mutations
that alter a control step in meiosis such that some normal process of meiosis does
not occur, is abnormal, or occurs at the wrong time, and (2) mutations, if such
exist, that affect the ability of one or more of the chromosomes to respond to one
or some of the normal meiotic control steps. Most often it would be expected that
the first type of meiotic mutant would affect the behavior of chromosomes other
than, or in addition to, the chromosome on which the mutant itself is located,
whereas the second type of mutation is most likely to affect only the chromosome
on which it is carried. Therefore, it is the first type of mutant that we selected
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Ficure 3.—A schematic representation of the germinal cycle of chromosome behavior.
Landmarks are indicated by radial lines and inferred control points by arrows. When under
separate genetic control the outer circle represents the female cycle and the inner circle, the male
cycle; a single segment indicates common control in the two sexes, while in shadowed segments,
information on the sexual specificity of the control system is lacking. The division of the cycle
into its two successive meiotic and intervening mitotic components is indicated in the center of
the circle.
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and will use to infer conirol points—that is, points at which a genetic effect is
necessary for the normal process of meiosis to continue.

From the analysis of meiotic mutants already considered we can tentatively
draw certain inferences about the nature of the sequence of events in the genetic
control of the chromosomes during the germinal cycle (see Figure 3). Since
mitosis in general and, more importantly, the genetic control of mitotic exchange
and segregation are apparently identical in the two sexes, it seems a fair inference
that the control mechanisms are the same for some portion (and possibly all) of
the events succeeding gamete maturation but preceding the first meiotic division.
Although it is clear that cytodifferentiation of the gametes is different in the two
sexes, it is not known whether there are differences in the chromosome control
systems during gamete maturation or, for that matter, during any stage in the
mitotic part of the cycle. The control systems in the two sexes diverge at first
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meiosis as evidenced by: (1) the absence of exchange in the male, (2) the meiotic
mutants, ¢(3)G, mei-S51, mei-§282, mei-S332b and ca™, all of which affect the
first meiotic division and all of which have an effect only in the female, and (3)
the meiotic mutants mei-081, mei-S8, RD, and SD which act only in the male
and affect meiosis I. The control systems converge again sometime during the
second division as evidenced by mei-S332a, which acts during the second division
and in a similar manner in both sexes. The evidence for identical control of at
least a portion of second meiosis in the two sexes provided by mei-S332a allows
the possibility that the system controlling chromosome behavior is identical in
the two sexes except for the first meiotic division where, in Drosophila, the un-
usual situation of no meiotic exchange in the male exists, and thus allows the
hope that the female cycle in the genetic control flow chart we are developing
applies to forms other than Drosophila.

The resolving power of this conceptualization is determined by the number of
landmarks and by the number of control points known. Thus in the female we
can resolve four control points, ¢(3)G*, mei-S51+, mei-S282+, and mei-S332b+,
that occur before the exchange process is completed and one control point, ca™,
that has its effect after exchange, but before first division disjunction is over, In
both the female and the male, mei-S332a™ has its effect before second division
disjunction is completed. The meiotic mutants with effects on male first division
are also noted in the diagram; mei-S8 and mei-O81 are placed before RD and SD
because the former cause nondisjunction and, therefore, may interfere with pair-
ing whereas SD and RD probably manifest themselves only after pairing.

This visualization has the very useful property that the analysis of a meiotic
mutant implies from the mutant effect, a control point and, from the inferred
wild-type action, one or more landmarks. To illustrate this we will consider the
behavior of mei-$282. We would like to emphasize that the discussion to follow
is for illustrative purposes only and is not meant primarily as an hypothesis about
mei-§282 and, owing to the virtual absence of analysis to date, is most certainly
not an accurate description of the behavior of the mutant. For this purpose only,
then, we accept that in females homozygous for mei-S282, there is a fraction of
cells in which all of the chromosomes, both homologs and nonhomologs, assort at
random at the first division and in which there is no recombination, while in the
rest of the cells, segregation of homologs is regular. We accept, further, that in
the cells in which disjunction is normal, recombination is abnormal in all the
chromosomes in that there is a polarized reduction in crossing over, least near the
centromere and becoming more extreme proceeding distally on the chromosome.
This reduction is such that many regular products come from no-exchange
tetrads. To explain this, we imagine that, at some moment in meiosis I in normal
females, the chromosomes are disposed at random in the cell. At a particular time,
homologous chromosomes begin to search for each other, the initial recognition
point being near the centromere. When centromere regions become associated,
the homologs can disjoin. Pairing proceeds from the centromeres distally. During
this period, exchange may take place. At or near the end of pairing, there is a



554 L. SANDLER, et al.

genetic signal to stop exchange, and it is this signal that is provided by the normal
allele of mei-S282. The mutant produces the same signal but at any time after
the search process has started rather than after pairing has been completed. It
is obvious that there are many other working models consistent with the few
results obtained to date, but the predictions of this model are fairly rigorously
testable. Again solely for purposes of this discussion, we suppose that this model
proves to be correct. In that case, it would not only be possible to place the control
point of mei-§5282 on Figure 3 (that is mei-S$282+ would be an arrow marking
the termination of exchange in the first division of the female cycle), but also to
add, as landmarks, the sequence of normal events inferred from the abnormal
behavior of the mutant.

This type of analysis can be extended to hypotheses concerning the relations
between different control points inferred from different mutant loci. For example,
the meiotic mutant, ¢(3)G, has two drastic effects on meiosis: exchange is elimi-
nated and nondisjunction is very high for all chromosome pairs. From these
results only, it is natural to imagine that the abnormal segregation is a conse-
quence of the absence of exchange. However, since according to the model for
mei-§282 just presented, disjunction is assured before pairing occurs and there-
fore before exchange is possible (that is, a pattern of regular disjunction is fixed
even though exchange has not yet occurred), ¢(3)G+ would necessarily affect
meiosis before the onset of pairing. Moreover, although there is a very high rate
of nondisjunction in ¢(3)G homozygotes, there is a tendency for homologs to
separate, Therefore ¢(3 )G+ must act after the establishment of homologous recog-
nition. Thus ¢(3)G+ in this model must act after centromere association but
before the initiation of pairing—perhaps functioning to stabilize centromere
association. This hypothetical sequence of events is shown in Figure 4. Thus the
analysis of each meiotic mutant will increase the precision with which other
meiotic mutants can be placed in the control cycle and hence will increase the
information provided by each new mutant.
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SUMMARY

From two natural populations near Rome, Italy, 118 sets of major autosomes
(chromosomes 2 and 3) that were viable and fertile in females were extracted
and made homozygous in females carrying pairs of standard, marked, X and 4
chromosomes. Crossing over on the X chromosome and segregation of the X’s
and 4’s were measured for the purpose of discovering meiotic mutants on the
chromosomes from nature; that is, mutations affecting one or more of the meiotic
processes. In addition to detecting meiotic mutants that affect females, we ex-
amined 123 major autosomal sets and 177 single major autosomes (either chromo-
some 2 or 3) for their homozygous effects on fourth-chromosome segregation in
males.—The following mutants were found: 1) Eight mutants that resulted in
irregular segregation of the sex and fourth chromosomes in females; they were
not studied further. 2) Two different mutants that caused, in females, correlated
nondisjunction of all of the chromosomes and a fifty percent reduction in recom-
bination; in one case the reduction was uniform, and in the other it was more
extreme distally than proximally. 3) Two different mutants that produced high
nondisjunction of the fourth chromosome in males were found. One of these also
caused X-Y nondisjunction; the other did not affect the sex chromosomes. 4) One
mutant was recovered that caused very high nondisjunction at the second meiotic
division in both sexes. It also enhanced crossing over in females. 5) A new ex-
ample of the SD gene was found.—A comparison of the variances in X-chromo-
some recombination among females carrying the various autosomal sets from the
natural populations with that of a group carrying control, Canton-S autosomal
sets, revealed that in these experiments a significant fraction of the total variance
In crossing over was attributable to genetic differences among the autosomal sets
from nature.—From these results it is concluded that there are many meiotic
mutants segregating in natural populations.—Data on the segregation and recom-
binational phenotypes of the meiotic mutants recovered are presented, and a
tentative schematic cycle of chromosome behavior in the germ line is presented.
This cycle reveals that, in Drosophila, the activity of mutants that affect the first
division is confined to one sex indicating separate genetic control of the first
division in the two sexes. A mutant affecting the second meiotic division has a
similar effect in both sexes indicating common genetic control of the second
division. Procedures for the further elucidation of the genetic control of chromo-
some behavior are discussed.
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