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ABSTRACT

A total of 34 third chromosomes of Drosophila melanogaster that render
homozygous larvae hypersensitive to killing by chemical mutagens have been
isolated. Genetic analyses have placed responsible mutations in more than
eleven complementation groups. Mutants in three complementation groups
are strongly sensitive to methyl methanesulfonate, those in one are sensitive
to nitrogen mustard, and mutants in six groups are hypersensitive to both muta-
gens. Eight of the ten loci mapped fall within 159 of the genetic map that
encompasses the centromere of chromosome 3. Mutants from four of the com-
plementation groups are associated with moderate to strong meiotic effects in
females. Preliminary biochemical analyses have implicated seven of these loci

in DNA metabolism.

ITHIN the past few years, considerable effort has been devoted to the

isolation of mutants in Drosophila melanogasier that are hypersensitive
1o chemical mutagens (for review, see SmiTa, SNypER and Duseneery 1980).
A primary goal of these studies is the accumulation of a battery of strains that
can be employed to study DNA metabolism in higher eukaryotes. The major
effort thus far has centered on the X chromosome because of the relative ease
with which X-linked mutants are recovered. At this point more than 60 mutants
have been employed to define about 12 complementation groups on that chromo-
some. At the biochemical level, mutants mapping to two loci exhibit aberrant
patterns of DNA synthesis in unmutagenized cells. One locus is essential for
excision repair, and mutants at three loci are defective in post-replication repair
(for review, see Boyp et al. 1980). Genetic analyses have demonstrated meiotic
defects in mutants occurring at three loci, and mitotic chromosome instability
is observed in mutants of six complementation groups (for review, see BAKER
et al. 1980).

We report here an extension of that analysis in which similar selection pro-
cedures were employed to recover mutagen-sensitive mutants on chromosome
3. Recovery of this same class of mutants on the other major autosome of this
species has been undertaken in Atlanta (Swvyper and Smitw, personal com-

Abbreviations used in text: MMS: methyl methanesulfonate. EMS: ethyl methanesulfonate. HN2: nitrogen mustard.

AAF: 2-acetylaminofluorene. mus: a mutation that confers mutagen sensitivity on larvae.
1 Current address: Department of Genetics, Development and Physiclogy, Cornell University, Ithaca, New York 14850.
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munication). The genetic experiments reported here are focused on recovery
of data complementary to the parallel biochemical effort. Thus, attention has
been directed toward the identification of new complementation groups and
the possible involvement of mutants within those groups in the meiotic process.
Although more extensive genetic characterization of these mutants will un-
doubtedly prove profitable, the present state of their biochemical characteriza-
tion necessitates a provisional description at this time. The biochemical studies
are reported elsewhere (Boyp and Serrow 1976; Boyp ef al. 1980; Boyp and
SHAwW, in preparation; Boyp and Harris 1981).

MATERIALS AND METHODS

Moutants: Complete terminology for the new mutants identified in this study follows. For
convenience, designations of visible markers and the chromosome identification are omitted
from most references to the mutants in the text. Thus, st mus(3)301P2 is referred to as mus301P2,
The six mutants marked with an asterisk are associated with a second unidentified rus mutant.

st mus(3)301P1 ., .. st mus(3)301Ds

st mus(3)302P1 | || st mus(3)302P3, mus(3)302D% . ... mus(3)302Ds

st mus(3)304P1 .. st mus(3)304D3

st mus(3)305P1, st mus(3)30502, ry mus(3)305D3*

mus('3)306P!

mus(3)307D1*

st mus(3)30801, mus(3)308P2, st mus(3)308P8%,ry mus(3)308P4*, ry mus(3)308D5*,
ry mus(3)308D6*

st mus(3)309D1, st mus(3)30902, ry mus(3)309D3*

st mus(3)310P1

st mus(3)311P1 . ... st mus(3)311Ds

mus(3)312D1, st mus(3)312Dz2,

D. T. Suzukr generously provided the Sb Ubx/Xa stock that was employed in mutant selection
scheme A, Stocks generated in this laboratory include TM2, Ubx!30 ry%! and 7'(2:3) Cy; Ubx130
ry®1/Sb ry. Additional stocks are described in LinpsLEY and GreLL (1968).

Conditions for culture and selection: With the following exceptions, procedures and ma-
terials are described in Boyp et al. (1976). Vials contained 10 ml of medium and bottles contained
50 ml. The medium was prepared by boiling rather than under pressure. A stock is defined as
sensitive in the initial screening when less than 109 of the expected homozygotes eclose. Most
crosses were done at 23-25°.

Mutant selection: Three independent approaches were employed to recover mutagen-
sensitive mutants on the third chromosome.

(1) Selection Scheme A: The approach depicted in Figure 1a was adapted from that of Tasaxa
and Suzurr (1973). In that screen, mutagenized third chromosomes were produced by feeding
0.003 m EMS (Lewis and Bacuer 1968) to 3- to 4-day-old, unmated males homozygous for a
chromosome 3 marked with sz. Treated males were mass-mated to virgin 8b Ubx/Xa females for
5 days. The F, st/Sb Ubx males were individually mated to 3 or 4 virgin ry Sb/Ubz rv females
in vials. F, parents were discarded after 6 days. The st/Ubzx ry males and their nonvirgin fe-
male siblings were selected from the F, generation and crossed. After two days, the F, parents
were transferred to a second (control) vial and 0.25 ml of 0.06% MMS (V/V) was added to the
first vial. Since the mutagenized chromosome 3 is homozygous in the F, generation, induced
recessive lethals were recognized by the absence of sz/st flies in both vials. Putative mutants were
identified as stocks in which st/st flies were present at a frequency of 109 or less of the fre-
quency observed in the untreated control vial. Individuals from the control vial of putative
mutant stocks were retested in duplicate to verify that the homozygous sz individuals were
hypersensitive to MMS.
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(2) Selection Scheme B: The procedure shown in Figure 1b was developed to select for
mutagen-sensitive mutants on chromosomes 2 and 3 simultaneously. Males homozygous for a
chromosome 2 marked with ¢n®® and for a chromosome 3 marked with ry? were fed EMS in
concentrations ranging from 0.0005 m to 0.001 m (Lewis and Bacuer 1968). They were then
mass-mated for 6 days to virgin females bearing a 2-3 translocation. F, cn; ry/T(2;3) Cy;
Ubz ry males were mated individually in vials to 3-5 T(2;3) Cy; Ubz/Sb ry virgin females.
After 3 days, the F, parents were removed and purine solution (0.125 to 0.15% W/V in water)
was added to kill homozygous ry larvae. The surviving F, 7(2;3) Cy; Ubx/cn; ry males and
females were crossed to expand the stock and to identify recessive lethals (not shown in Figure
1b). The F, cultures with viable homozygotes were distributed to each of 3 glass vials and one
plastic vial. After 3 days, the parents were discarded, and the vials were treated on the fourth
day as follows: The cultures in plastic vials were treated with 0.25 ml of 0.29% AAF solution
(W/V in 70% ethanol). One shell vial received 0.25 ml of MMS sclution (0.06-0.19% V/V),
another received 0.25 ml of HN2 solution (0.006-0.01% W/V), and the last was untreated. The
F, progeny were scored for a reduction in the number of homozygous cn; ry flies to a frequency of
109 or less of prediction.

(3) Selection Scheme C: A total of 3067 cultures, carrying cecond or third chromosomes that
had been exposed to EMS, were obtained from D. L. LinpsLEy. This collection was generated by
R. Harpy in the laboratory of J. R. MerriaM, employing several different selection schemes.
Chromosomes bearing recessive lethals had been eliminated by that group. Of the 1761 stocks
derived from a treated bw; st culture, 1672 had the third chromosome balanced with Ubz?%?
and 89 with the second chromosome balance SM5. Among 814 stocks derived from a treated
Canton-S stock, 535 had the third chromosome balanced with either TM3 or Ubz, and 279 had
the second chromosome balanced with SM5. The remaining 474 stocks were apparently homo-
zygous for a treated autosome since no balancers were identified. Each culture was transferred
sequentially to 3 vials at 1-day intervals. Two days after transfer, one vial was treated with
0.25 ml of 0.008% HNZ2 and one with 0.25 ml of 0.08% MMS. The third vial served as an un-
treated control. Stocks were selected in the next generation from cultures in which the ratio of
homozygotes to heterozygotes in the treated vial was <109, of that in the control. In the case
of homozygous stocks, a reduction in the total number of flies in the treated vial to 10% or less
of that in the control vial was sought. Cultures that satisfied these criteria were retested.

Stock balancing: Each selected stock was outcrossed and its third chromosome balanced against
TM3, as outlined in Figure 2. In this scheme, up to 5 single males were selected from the F
generation so that any chromosome carrying recessive lethal mutations could be discarded in
the F, generation. Any chromosome 2 present during mutagenesis was eliminated, thereby pro-
viding a more uniform genetic background between stocks. Mutagenized X chromosomes were
eliminated when a chromosome 3 was made homozygous both in our analysis (Figure 1) and in
that of Haroy and Merriam (personal communication). All subsequent tests were made using
balanced strains.

Analysis of larval sensitivity: Putative third-chromosomal mutagen-sensitive stocks were first
analyzed for larval sensitivity as follows. Ten homozygous or heterozygous males were crossed
to 20-25 heterozygous virgin females. Homozygous males were employed when fertile. After 1
or 2 days, the flies were transferred to medium in a 14 pint milk hottle. Females were allowed to
lay for 1 day and then transferred to a second bottle for an additional 1-day egg-laying period.
Two days after transfer, the first bottle received 1.25 ml of either MMS solution (0.1-0.12%
V/V) or HN2 sclution (0.008-0.012% W/V). The second bottle was similarly treated with
1.25 ml of water. Progeny were scored until day 17 or 18.

The most viable and sensitive stock was then selected to generate the detailed sensitivity data
presented in Table 1. The mating scheme described in Figure 3 was used to determine the ratios
for “Relative Survival” and “Dominance.” Qualitative tests for cross-sensitivity to a second
mutagen, also presented in Table 1, were performed as described above. Ratios in that test were
accepted with as few as 50 control flies.

Complementation of mutagen sensitivity: Two forms of complementation testing were em-
ployed. A single-generation test was performed by crossing balanced heterozygous mutant indi-
viduals of one strain with either homozygous or heterozygous balanced individuals of a second
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strain. At least 2 larval cultures of the F, generation were treated with mutagen at a dose appro-
priate to kill individuals of the less sensitive strain. Ratios of surviving progeny were normalized
to the same ratios obtained in untreated control crosses. Normalized ratios that fell within the
following ranges were scored as indicated: 0.00-0.15 = negative, 0.16-0.50 = ambiguous,
> 0.50 = positive. The second form of complementation analysis is described in REsULTS.

Fertility analysis: To assay female fertility, 4 to 5 homozygous virgin females were crossed
to 5 Oregon-R males. Male fertility was analyzed by crossing 4-5 homozygous mutant males to
5 virgin double-X females. The parents were discarded after 5-7 days and relative fertility was
scored qualitatively on days 16-18.

Genetic mapping: The scheme outlined in Figure 4 was used to generate recombinants be-
tween the selected chromosomes and the multiply marked rucuca chromosome (see LINDSLEY
and Grerr 1968 for the composition of this chromosome). Since all of the rucuca chromosomes
examined in this laboratory were found to be hypersensitive to MMS, we used 0.0089, HN2
(W/V) to map mutants sensitive to that mutagen. Subsequent analysis has shown that the
MDMS-sensitivity associated with the rucuca chromosome is due to the presence of a mus(3)306
allele. An MMS-insensitive derivative of rucuca, which carries the rucuca markers except for
cu and sr, was later recovered and used to map the MMS sensitivity of mus306P1, -307P1,
-310P1 and -311D1,

As shown in cross 3 of Figure 4, individual males bearing a recombinant chromosome 3 were
balanced by TM3. In the next generation, 2-3 pairs of the genotype designated “recombinant
chromosome/TM3” were crossed inter se to generate balanced stocks. After expansion of these
stocks, heterozygous males and virgin females were mated and tested for mutagen sensitivity of
the recombinant chromosome as detailed above. The ratios of homozygotes to heterozygotes were
normalized relative to the corresponding control values. Treated vials giving adjusted survival
ratios of less than or equal to 0.05 were scored as sensitive; whereas, values greater than 0.20
were scored as insensitive. Cultures containing fewer than 8 flies or producing normalized ratios
between 0.05 and 0.20 were disregarded, as were crosses for which the expected number of
homozygous mutant individuals was less than 2. Results obtained with occasional recombinant
chromosomes that were inconsistent with the remainder of the data were attributed to undetected
multiple recombinants. The 95% confidence intervals for the calculated map positions were
computed as described by O’Brien and MacINtyre (1978).

RESULTS

Mutant isolation: A total of 34 chromosomes were recovered with the selec-
tion programs presented above. The mutants mus301P1, -30122, 30201, -302P2,
-302P3, -304P1, -305P1, -3097! and -309”% were obtained among 2253 chromo-
somes screened for hypersensitivity to MMS in Selection Scheme A (Figure 1).
A mutant previously identified as mus303?* (Boyp et al. 1976) has since been
lost. With the exception of mus302P? and mus302°%, all alleles were derived
from different groups of mutagenized males and thus originated from indepen-
dent mutational events.

Fifteen mutants were recovered after retesting 462 potentially sensitive stocks
generated in Selection Scheme B from about 6400 F, crosses. The mutant pheno-
type of each of the 15 stocks was found to be associated with one of the two major
autosomes by employing the multiply balanced stock y; Pm/Cy Oster; Sb/TMG6.
One of the two mutants identified as exhibiting AAF sensitivity, in fact, proved
to be sensitive only to ethanol, although it exhibited normal levels of alcohol
dehydrogenase (T. FrLETCHER, personal communication). The second AAF-
sensitive mutant mapped to chromosome 2 and was the only stock initially iden-
tified as being sensitive to all three agents. Characterization of that mutant
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a.Scheme A. (Third chromosomal selection, after

Tasaka and Suzuki, 1973).
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Ficure 1.—Mating schemes employed for selection: A more complete description of the
strains employed is presented in MATERIALS aAND METHODS. *Identifies a potentially mutagenized

chromosome.
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[mus(2)201P] will be described elsewhere (Boyp et al., in preparation). Sub-
sequent to the recovery of the 13 chromosome 3 mutants, the original unmuta-
genized stock expressed sensitivity to MMS. We are unable to explain the failure
of this chromosome to exhibit sensitivity during the early stages of that study.
Its current expression, however, means that each of the selected third chromo-
somes may carry two mus mutants. As a result of this complication, only those
four chromosomes that carry alleles of other mutants described here are included.
Since all three chromosomes that carry mus308 mutations were derived from
one group of mutagenized males, the mus308 component of those stocks may
have originated from a single mutational event.

The remaining mutants described in this report were recovered from stocks
donated by LinpsLey and Haroy (Selection Scheme C). The initial screen of
that collection produced 132 putative mutants, of which 92 were linked to
chromosome 3. The 40 mutants, potentially linked to chromosome 2, were for-
warded to R. D. S~yper and P. D. Smita. They ultimately isolated three strong
mutants defining three complementation groups (personal communication).

Relative mutagen sensitivity: Prior to determining the optimum mutagen
concentration for analyzing the individual mutants, each selected stock was re-
balanced by the procedure outlined in Figure 2. This scheme produces cultures
in which the only major mutagenized chromosome is the third. Five individual
stocks for each mutant were retested in bottles, and one was selected for further
analysis. The mutagen sensitivity of the resulting stocks was then evaluated with
the protocol depicted in Figure 3. This procedure provides an estimate of the
mutagen sensitivity of homozygous mutant larvae relative to control individuals
of genotype D/TM3. Such flies provide a relatively mutagen-insensitive standard
with which to compare mutant individuals that are generated in the same cross.

* mus X musXYY y Pm Sb
P ; or ?¢ X5 ) —— "
* mus X Bal Cy0 TM6
* mus X D vv
F ; o x ; 2%
CyO T™M6 ™3
Fy : mus ch’cr’ 'musva
Cy0 ™3 Cy0 TM3
mus X vv mus X
Fg ; 29x —; o'd"
TM3 ™3

Ficure 2.—Generation of balanced mutant stocks. *Denotes a potentially mutagenized
chromosome 2.
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D TM3
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mus X mus X mus X(Y) D
musX(Y)  TM3 D TM3

A B C D

Phenotypic Classes

Freure 3.—Determination of larval semsitivity to chemical mutagens. *The symbols X and
Y refer to independently isolated mutants. For determinations of relative strain sensitivity and
dominance, only one strain (X) was used. Relative strain sensitivity was evaluated from the
ratio of phenotypic class A to class D. Dominance was determined by measuring the relative
sensitivity of phenotypic class B to class D. Complementation was monitored in a similar cross
in which two strains (X and Y) were used, and the ratio of classes A to D was recorded. Data
obtained from three identically treated bottles were pooled and retained only if the sample
contained an excess of 90 flies of the insensitive control genotype.

Thus, D/TM3 flies exhibit 879% survival relative to individuals homozygous for
Oregon-R-derived third chromosomes after treatment with either 0.19% MMS
or 0.0089% HNZ2.

An analogous study of X-linked mutants had previously indicated the appro-
priate mutagen concentrations and dose responses that were likely to be encoun-
tered (Boyp et al. 1976). The current study was therefore condensed from the
earlier approach to provide only that information on sensitivity necessary for
further genetic analysis. Where possible, the minimum dose of MMS required
to kill more than 109, of the expected homozygotes was determined (Table 1).
Subsequently, the cross sensitivity of those mutants to FIN2 was evaluated
qualitatively at a single high dose. Mutants assigned to the complementation
groups mus308 and mus312 were analyzed at several HN2 concentrations be-
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TABLE 1

Relative sensitivity of larvae to chemical mutagens

Mutant Relative survival Dominance}
Sensitivity
1. Sensitivity to MMS to 0.0089%, HN2*
MMS conc. (%)
0.125 0.075 0.050 0.025
mus301P1 0.01 0.31 1.28 -~
mus301D2 0.00 0.00 0.18 0.83 ~+
mus301D3 0.01 0.06 057 1.00 +
mus301P4 0.00 0.09 0.31 1.06 -+
mus30103 0.08 0.35 1.45 -+
mus302P1 0.01 0.00 0.00 1.01 —+
mus302P2 0.00 0.00 0.00 0.83 -+
mus302D3 0.00 0.00 0.00 0.76 +
mus302D4 0.00 0.00 0.00 0.77 -+
mus302P5 0.00 0.00 0.02 0.83 +
mus302D0¢ 0.00 0.01 0.01 0.94 A
mus304P1 0.01 0.00 0.00 0.00 0.91 -+
mus304P2 0.00 0.00 0.00 0.97 =+
mus304DP3 0.01 0.00 0.39 1.26 —
mus30501 0.00 0.00 0.17 1.05 -+
mus305D2 0.00 0.00 0.08 1.17 —
mus306P1 0.06 0.23 0.68 0.72 —
mus30751 0.06 0.03 0.79 1.31 -
mus309P1 0.02 0.00 0.02 1.17 +aA
mus30902 0.00 0.02 0.08 0.80 -+
mus310D1 0.00 0.01 0.08 1.01 —
mus311P1 0.03 0.94 0.98 1.08 —
mus311P? 0.04 0.15 1.16 1.38 —_
mus311D3 0.03 0.41 0.72 0.88 —
Sensitivity
2. Sensitivity to HN2 t0 0.1259% MMS*
HN2 conc. (%)
0.008 0.004 0.002
mus308P1 0.03 0.01 0.10 1.16 —A
mus308D2 0.00 0.02 0.02 1.06 —
mus308D3 0.02 0.05 0.42 1.16 —
mus312D1 0.00 0.01 0.42 1.07 -+
mus312b2 0.00 0.03 0.82 +aA

Relative survival values are normalized ratios of homozygous mutant individuals to D/TM3
control flies derived from the same culture (Figure 3). The ratio obtained from mutagen-treated
cultures was divided by the same ratio found in cultures treated with water only. This normaliza-
tion procedure places the range of relative survival between 0.00 and 1.00. The standard devia-
tion of ratios derived from triplicate analysis of a single stock is 0.05. In this analysis the values
of the ratio obtained in control (water-treated) cultures varied between 0.46 and 1.20. Further
details are provided in the text.

+ Dominance relationships are defined by the normalized ratio of heterozygous mutant flies to
control D/TM3 flies (Figure 3). The value reported for mus301P5 was derived from 65 control
flies rather than the standard minimum.
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cause of their strong sensitivity to that mutagen relative to MMS. Since the
mus307° allele is associated with a second uncharacterized mus mutation, the
data reflect a combined sensitivity of those two mutants. This analysis reveals
that at least one allele of the following complementation groups can be analyzed
with either mutagen: mus301, -302, -304, -305, -309 and -312. All mutants fall-
ing within complementation groups mus306, -310 and -311 can be analyzed only
with MMS, and the mus308 mutants are sensitive only to HN2. Mutants of this
latter class have not been previously identified in Drosophila. Although this
analysis implies that the mutants fall into discrete sensitivity classes, in fact, mu-
tants such as mus304°%, -308”% and -3711P* probably exhibit an intermediate
sensitivity to the less well analyzed mutagen. The sensitivity is not strong
enough, however, to permit the use of that mutagen in genetic tests.

As has been observed with X-linked mutants, the degree of mutagen sensi-
tivity varies considerably among mutants falling into different complementation
groups. Extreme examples of MMS sensitivity are found among the highly sensi-
tive mutants of the mus302 and mus310 groups. By contrast, mutants at the
mus306 and mus311 loci barely meet our criterion for sensitivity at the highest
possible dose.

An evaluation of dominance effects on mutagen sensitivity was also derived
from the genetic crosses described in Figure 3. In that study, the relative survival
of heterozygous individuals was determined in cultures treated with a mutagen
dose that was adequate to kill nearly all homozygous mutant larvae. A corrected
ratio involving the number of heterozygous mus/TM3 individuals over the num-
ber of D/TM3 individuals is arbitrarily defined as reflecting a recessive condi-
tion if it exceeds 0.8. By this criterion, mus3027%, -302%4  -306°! and -3097*
exhibit a semidominant effect (Table 1). This effect, which potentially compli-
cates the complementation analyses, therefore appears to be somewhat less fre-
quent than previously observed among X-linked mutants (Boyp et al. 1976).

Complementation for mutagen sensitivity: Studies of relative sensitivity and
dominance described in the previous section, plus determination of fertility for
each homozygous stock provided essential information for the design of comple-
mentation experiments (see Summary Table 3). Preliminary one-generation
complementation tests were performed between selected pairs of mutants (see
MATERIALS AND METHODS). From each of the tentative complementation groups,
a single mutant was designated the D7 allele and was employed as the “tester”
for that group. Complementation analyses were then performed between tester
stocks with the two-generation test described in Figure 3. This analysis remains
incomplete for mus308 mutants, which could not be tested against mus306>,
-310°* or -311°! because the mus308 alleles analyzed do not exhibit adequate
MMS sensitivity. The complementation groups were then reorganized, and

* Cross sensitivity to the alternate mutagens was estimated qualitatively as follows:
—+ = sensitive — corrected ratios < 0.10
— = insensitive — corrected ratios > 0.10.
Due to the presence of recessive lethals on chromosomes denoted by A, a direct sensitivity test
could not be completed. Therefore, sensitivity to a second mutagen was investigated by comple-
mentation for mutagen sensitivity with an alternate allele of known sensitivity.
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either one- or two-generation tests were performed between each tester strain
and the members of its putative complementation group. The two-generation
test was employed in all cases involving semidominance or intermediate mutant
interaction. This approach should assure the absence of double mutants among
the tester strains for any of the complementation groups that have been iden-
tified. It does not, however, permit the detection of double mutants among the
subordinate members of each group. Mutants for which complementation data
unambiguously meet the above criteria are listed in the Summary Table (Table
3). The 34 stocks listed define more than 11 complementation groups.

An unusual complication was encountered with mus302°2. This mutant pro-
duces a strong negative complementation result in combination with rmus302°2.
However, it interacts only weakly with mus302P2, and also interacts with alleles
of mus310 and mus311. Such ambiguity, which probably arises from semidomi-
nance, has been resolved by biochemical analysis to be reported elsewhere (Boyp
and SHAW, in preparation) and by mapping studies described in the next section.

Genetic mapping: With the exception of mus309, at least one mutant from
each complementation group has been mapped genetically. Mutants sensitive
1o HIN2 have been assigned map positions relative to rucuca markers as sum-
marized in Table 3. Those mutants sensitive to MMS, but not to HN2, were
mapped using the MMS-insensitive ru k th st e® ca chromosome, as outlined in
Figure 4. Included in this latter group were mus306°!, -310P* and -317°*. The
MMS-insensitive chromosome was also employed to map mus307?*, because the
mus307”! chromosome confers partial hypersensitivity to heterozygotes after
treatment with 0.008 and 0,0069% HNZ2. A genetic map of chromosome 3 in
which the rmus loci are identified reveals a strong grouping of these mutants near
the centromere (Figure 5). The chromosome carrying mus307°! (map position
59) also possesses a second unnamed mutant that has not been separated from
stt.

X-chromosome loss and nondisjunction in female meiosis: The influence of
the isolated third chromosomes on disjunction and/or loss of X chromosomes was
monitored by crossing homozygous mutant females to y Hw w/BSYy*'® males

b rucuca (+)dd X mus (3) éé
! ™3 ™3
v
g, fucuca (H)29 X  rucuPrcadd
! mus(3) T™M3
F. Tecombinant & mus(3}d X TM3§§
2

rucuPrca l [}

vV
recombinant+ mus(3)d'd X recombinant +mus(3)9 9
T™M3 TM3

Ficure 4—Mapping Procedure. The indicated crosses were employed to generate balanced
stocks of recombinant third chromosomes. The mutagen sensitivity of homozygotes relative to
heterozygotes was subsequently assayed in order to identify those recombinants carrying a
mutagen-sensitive mutation, Additional details are included in the text.
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Ficure 5.—Schematic representation of chromosome 3 showing approximate map positions of
the mus mutations. Published map positions of the markers ru, st, cu and ce are included for
reference.

(Table 2). The recovered female exceptions arise from diplo-X female gametes
and thus reflect the frequency of nondisjunction. Since the male exceptions arise
from nullo-X gametes, their frequency reflects the combined levels of nondis-
junction and chromosome loss. In this test, the mus372P* chromosome exhibits
by far the greatest meiotic influence. The equality of male and female exceptions
produced by that mutant indicates that their production is probably due pri-
marily to nondisjunction rather than to chromosome loss. This same conclusion
applies to the moderately strong effect of the mus317?* chromosome. On the
other hand, the mus307 and mus305 chromosomes appear to have relatively little
influence on nondisjunction, yet they significantly elevate the level of chromo-
some loss. The remainder of the tested mutants do not produce levels of male
exceptions that differ significantly from the relatively high level of nondisjunc-
tion found in the stocks from which the mutants were isolated. Although several
of the mutant chromosomes were recovered from an untested genetic background,
the levels of exceptions they produce do not indicate the presence of significant
meiotic effects. These data therefore identify six meiotic mutants associated with
four complementation groups defined by mutagen sensitivity.

In the past, analysis of complementation for meiotic effects has proven partic-
ularly valuable in grouping mutagen-sensitive mutants, because expression of
this phenotype is generally recessive. Data presented in Table 2, which demon-
strate negative complementation between the five mus301 alleles, considerably
strengthen the identification of allelism between these mutants based on mutagen
sensitivity. Amalysis of heterozygotes between mus312* and mus307°* or
mus312”¢ documents a completely recessive nature for the strong meiotic effect
of the mus372P* mutant. Analysis of the heterozygote st/st mus311?, however,
suggests that this mutant expresses a slight semidominant influence on female
meiosis. Finally, the frequencies of exceptions produced by st/st mus310™
females further document the slightly elevated frequency of nondisjunction asso-
ciated with st/st females in Table 4. This same chromosome has previously been
identified as st mu-1 (Boyp et al. 1976) to reflect its associated mutator activity.

DISCUSSION

Our search for chromosome 3 mutants that are hypersensitive to chemical
mutagens has more than doubled the number of loci in this class that have previ-
ously been identified on the X chromosome (Smrte 1976; Bovp et al. 1976).



J.B. BOYD et al.

618

"x0s £q sj93dRI( UL PAIEIIPUL ST PAIOD

s AueSoxd [e10], "Xos Je1[l J0F (830} Y} £q poprATp ‘X
$OTOSOWIOIYD Y JO SSO] pue UOIpUN{SIPUON 'S3[BUL p; A Lsg/M ML A YA PBSSOIO BT

“1¥8] oY1 UI papraoid dIe S[IeIap (BUONIPPY

s uaArd e 10y suonndadxa jo oFejuodtad oYy se PIPI0OAL St
M So[ewd] JueInuI SnoFAz0e)ay] I0 snoSLZowI0Y JOYILY

(21€) %E€9°0
(118) %8*1
(56€) %eL
(690°3) %1670

(€0¥) %550
(83g) %891
(s8¢) %L
(v 14B) %680

zag FesnuL s

rgZFEsnut
sgllesnu s
rqQjesnuLis

(66¢°1) %+90 (205°1) %4070 za80¢ ST
(6£8) %611 (680°1) %8¢ 1a80€STUL IS
(L10°1) %51 (360°1) %90 sqFEgsSnud 38 /18 (962) %8€0 (006) %110 rqLOgsnu
(815°¢) %10 (382°¢) %00 rqOF§snuL 3s/15 (350°3) %¥e'0 (31+'8) %680 1q90€5MU
(g6v) %90 (819) %0 sqFESTIUL IS/ rq FEESTUL 3S (¥9¥) %6°1 (65%) %11 zaS0gsNUL IS
(61¥) %S0 (8¢F) %00 sqFFESTUL 35/ cq P ESTIUL 35 (83¢) %S0 (£3¢) %0 raSogsnu s
(828) %00 (9%6) %00 sq@ €S 18/ 1q@ SN (612) %00 (188) %00 sadogsmu
(6€6) %10 (500°1) %00 2ql FESNUL 18/ 1q LOESTIUL (928) %00 (622) %00 cag0g§sMuL
(86%) %00 (119) %30 rqZ FESTUL/ 1q FOESNU IS (£81) %S¢0 (583) %se0 $aC0§STUL IS
(b)) %81 (98%) %0 cq FOESNUL 1S/ 1 JOESTIUL 1S (053) %97 (088) %00 1qgossnuL Is
(663) %29 (65%) %60 raFOESNUW 18/ 1q FOESNUL IS (092) %69C (6+3) %0 sqlOgsnud s
(189) %53 (¥3L) %S'T sqFOESMUL IS [rqJOESTUL IS (699) %73E9 (229) %18 rakogsmu s
(121) %€ (¥1) %20 saJOESTW 18 [1qJOSSTU 15 (8¥3°€1) %490 (#¥8%1) %800 /18
Lo &8N Juaaed so[ewR) L0 Y & yuoxed so[eway
SN0 L7019y Sn08AZ0WOT]

:Teuor3daoxa jo Lowanbaig

s [euondaoxe jo Louanbaly

§s0] ULOSOUI0LYI kO\Nu:Q ﬁc.:,u:»ﬁ\wwﬁﬂmv: WBONEQN:OQM.

¢ AI9v.L



MUTAGEN SENSITIVITY IN DROSOPHILA 619

Eleven new complementation groups have been characterized, of which eight
are represented by two or more alleles. Complementary studies of SmiTH, SNYDER
and DusenBery (1980) and Mason et al. (1981), who have analyzed the
second and X chromosomes, bring the total number of genetic loci associated with
mutagen sensitivity in Drosophila to 30. Properties of the new chromosome 3
mutants reported here are summarized in Table 3.

Mutagen sensitivity: The majority of loci defined in this study are identified
by mutants that are hypersensitive to both MMS and HN2. Mutants in three
complementation groups (mus306, -310 and -311) are hypersensitive to MMS,
but relatively insensitive to HN2. Conversely, the mus308 group represents a
new class of Drosophila mutants that can be adequately analyzed only with
HNg2.

The spectrum of sensitivities within the individual complementation groups
is relatively uniform. One apparent exception is the mus304°% mutant, which
does in fact exhibit detectable but unexploitable sensitivity to HN2. This anomal-
ous behavior can be explained by the fact that this is the least sensitive of the
three mutants in this complementation group. The insensitivity of mus30522 to
HNQ relative to its allelic partners, however, cannot be explained in this manner.

Meiotic effects: Mutants associated with four of the nine tested complementa-
tion groups exhibit elevated frequencies of nondisjunction (mus301, -305, -311,
-312) (Table 2). A preliminary suggestion that mus302°' might be a meiotic
mutant (Boyp and SErrow 1976) is not fully substantiated by the current anal-
ysis. Although that allele appears to exhibit a stronger effect than any of the
other alleles tested from that group (Table 2), its influence on meiosis is slight.
Mutants in two complementation groups (mus307 and mus305) exhibit mod-
erate meiotic effects that have been documented for two alleles of each group.
Furthermore, the allelism of all five mus307 mutants has been substantiated by
complementation of meiotic effects (Table 2). Failure of selected alleles within
complementation groups mus377 and mus312 to express meiotic effects, or to
interact with alleles that do, raises the possibility that the meiotic effects observed
in the mutants mus377°* and mus312°! may not be associated with the mutagen-
sensitive sites under analysis. Although mapping studies employing the mus312°*
chromosome place the origin of both the meiotic and mutagen-sensitive pheno-
type within the same chromosomal region (Green, 1981), further analysis is
required to resolve this question fully. It therefore appears that at least two and
perhaps four of the nine characterized loci can influence meiosis.

Assignment of allelism: The D1 allele at each locus has been carefully tested
with all other D7 alleles for complementation of mutagen sensitivity. Separation
of allelic groups based on that analysis is therefore relatively secure, particularly
in view of the predominantly recessive nature of these mutants. Mapping studies,
however, have revealed the presence of a second mus locus on the mus3077-
bearing chromosome. This chromosome, therefore, presumably carries two
unique mutants that are not allelic with others in the collection. Since allelism
of the subordinate mutants within each complementation group was assigned on
the basis of negative complementation with a single D7 allele, those chromosomes
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TABLE 3

Summary of properties of homozygous stocks

Mutant
Source or map
Selection positiont Non-
Mutant Scheme* =+ 959 CI disjunctionA Relative sensitivity} Fertility§
MMS HN2 3 Q
mus30f21 A 93E7 e+ sems. A+t
mus30102 A +++ sens. —_ +++
mus301D3 C -+ +++ sens. — +4++
mus301P4 C ++—}— sens. +++ —_
mus301Ds C +++ sens. ++ ++
mus302DP1 A 45 £ 2 — +4++ sens. 444 ++4
mus30202 A ++++ sens. — —
mus302D3 A 46 = 2 — +4-+- sens. ++-+ 4+
mus30204 G bt sens + +
mus30205 G 46%2 — e B
mus3022 G — F+t sens. ++
mus04P1 A 46%9 b sems A+
mus30402 C +-+++  sens. 44+ —
mus304P3 C -+ insens. +++ ++4+
mus305P1 A 44 =1 + +-+ sens. +++ ++
mus30552 G + ++++ insens. — +
mus30503 B semns. sens. ++4 +++
mus30601 C 56 + 8 — + insens.  +++4+ 4+
mus307°1**  C 59 +8 — +++4 sens. At
mus30801 G — insens. ++ A
mus308D2 C 55 +5 — insens. -4 S+ +4-
mus308D3 C insens. ++ — + -
mus308D4 B
mus308D¢ B
mus308D¢ B
mus309m A —-{——;——f——*—- sens. J— —_
mus309D2 A +++—}— sens. ++ —
mus309Ds B
rmus310P C a7x5 — +++-+  insens. A4
mus311DP1? C 47 + 5 -—'— nsens. +++ _—
mus311D? C + insens. + +++4
mus11ps G ++ +  msems. b+ A
mus31251 C 187  F4+  sems. S o
mus312D2 C 16 + 11 — sens. ++ — ++

* Mutant source, see MATERIALS AND METHODS, Mutant selection.
A Meiotic effects, see Table 2
—+-+ male nondisjunction >149,
—++ male nondisjunction >6% <149%
~} male nondisjunction >1.5% <69
— mno significant meiotic effects.
+959% confidence intervals (CI) determined as described by O’Briexn and MacInTyre (1978).
mus306D1, 307D1, 370D1 3{/1D1 were mapped with the MMS-insensitive chromosome ru ki th
st e® ca, as described in the text.
** The mus307P1 chromosome carries two MMS-sensitive sites, one close or to the left of sz,
the other proximal to e5.
I Relative sensitivity—see Table 1
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also potentially carry mutations at more than one of the characterized loci. The
exceptionally heavy mutagen doses employed to produce mutants in Selection
Scheme C considerably enhanced the likelihood of recovering double mutants
and further suggests that much of the observed infertility may not be associated
with the mus mutants.

Occasional unexplained interactions between supposed non-alleles, as in the
past (Boyp et al. 1976), has stimulated the use of independent criteria to sub-
stantiate assignments of allelism. The mus301 and mus372 mutants occupy
closely adjacent sites on the left arm of chromosome 3. It is therefore necessary
{o turn to meiotic studies for independent verification of allelic assignments in
this region. The evidence linking meiotic effects with the mus301 locus is clear;
the two tested mutants elevate nondisjunction as homozygotes and complemen-
tation analyses employing this property confirm the allelism among all five
alleles. Although the chromosome bearing mus372P! is associated with a strong
meiotic effect, absence of this property in a second allele (mus312P%) raises the
possibility that the mus372”! chromosome carries two independent mutations
(Table 2). In any case, the meiotic failure in mus301°* is not equivalent to that
of the mus312°! chromosome, as demonstrated by the positive complementation
observed between them (Table 2). The meiotic analyses therefore support the
separation of these mutants into two allelic groups, in agreement with comple-
mentation studies employing mutagen sensitivity.

The most striking observation to arise from the mapping studies is that eight
of the ten identified loci occur between positions 45 and 59 on the genetic map
(Figure 5). This distribution closely parallels that obtained by Tasaxa and
Suzuxkt (1973) in their analysis of temperature-sensitive lethals induced by
EMS. They found that 889, of such mutants mapped between st (44) and Sb
(58), an interval that includes only 12.99%, of the genetic length of the chromo-
some, but over 559, of its physical length. A further parallel to our observations
is found in the distribution of insertion events exhibited by a particular trans-
posing element. Isinc and Ramer (1976) report that 509% of such events ob-
served on chromosome 3 occurs within 159 of the genetic map spanning the
centromere. No such clustering was evident on chromosome 2. The parallel
distribution of these various classes of genetic events suggests that they may be
related in some way.

— insensitive
-} relative survival <0.1 at 0.1259%, MMS
++ relative survival <0.1 at 0.075% MMS
~+—+-- relative survival <0.1 at 0.0509, MMS
~+ 4+ relative survival <0.1 at 0.0259% MMS
- relative survival <0.1 at 0.0089, HN2
—~++ relative survival <0.1 at 0.0049, HN2
—+ -4 relative survival <0.1 at 0.0029, HN2
“sens.” indicates that relative survival is <0.1 at highest practical mutagen dose.
§ Fertility analysis (see MATERIALS AND METHODS)
-+ highly fertile, strong culture
-++ moderate fertility, few flies and pupae
- poor fertility—some pupae, very few flies
— total sterility—mno progeny flies.
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Within that relatively narrow region, mutants on the mus306, mus307 and
mus308 chromosomes have been mapped to closely adjacent sites at about map
position 57 (Figure 5). Not only are these mutants inseparable by mapping, but
mus306 and mus308 have not been tested for complementation of mutagen
sensitivity because they do not exhibit a common mutagen sensitivity. Their
separation into two allelic groups is based on the insensitivity of mus306°* to
HN2 and the exclusive sensitivity of the mus308 alleles to that mutagen.

The five remaining loci mapping near the centromere have been localized
between the st and cu markers. The mus310 and mus311 mutants are distin-
guished from the other three by their exclusive hypersensitivity to IMMS.
Biochemical studies reported elsewhere (Boyp ¢t al. 1980) have revealed a post-
replication repair deficiency in mus302°. Other than these differences, assign-
ment of allelism for these mutants rests primarily on complementation studies
employing mutagen sensitivity.

Biochemical characterization: The mutants described here have also been ex-
ploited in an analysis of DNA metabolism (Bovyp et al. 1980). Such studies have
been facilitated by the fact that fertile homozygous stocks can be generated from
at least one allele of each complementation group, with the exception of the
mus309 and mus312 groups. Among the mutants tested to date, two (mus302°*
and rmus310”") exhibit a strong deficiency in post-replication repair, and three
(rmus304P2, -308%2, -311P%) express a modest but significant reduction in that
capacity (Boyp and Smaw, in preparation). The rate of DNA chain growth is
slightly reduced in mus307°* and mus30872. In addition, mus302°*, -3047%, -306°*
and -308? are partially deficient in excision repair (Boyp and Harris, 1981).
The genetic studies reported here provide the necessary foundation from which
to extend the molecular biology of these mutants.

‘We are indebted to R. Harpy and D. L. LinpsLey for making the mutagenized autosomal
stocks available to us. J. M. Mason provided valuable counsel throughout much of this work.
SanDrA L. BarsEL performed the initial characterization of mutants that are sensitive to HNZ2,
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lection Scheme B. A portion of the recombination mapping was completed by Ancera H. Wap-
NER and JEANNETTE P. RoBerTsoN, who also assisted in preparing the manuscript. Susie F. Boyp
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