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ABSTRACT

The present study consists of an investigation of P-induced male recombi-
nation in Drosophila melanogaster from a number of perspectives. In an initial
set of experiments, male recombination induced by several different P strains
was examined on both major autosomes. The ability of these P strains to evoke
recombination is striking; in many cases it exceeded that of radiation treatment.
Also of interest is the apparent nonrandom chromosomal distribution of P-
exchange breakpoints. The data suggest that both recombinagenic capacity and
distribution pattern of exchange breakpoints may be P-strain specific. In ad-
dition to these findings, we have confirmed previous indications that P-induced
exchange is reasonably symmetrical and that it frequently occurs during pre-
meiotic stages of spermatogenesis. Moreover, we have established that radiation
and P background act additively with regard to the induction of male recom-
bination. The second part of the work involved an analysis of heterochromatic
vs. euchromatic recombination induced by several recombinagenically potent P
strains. Results of these experiments have confirmed our earlier findings con-
cerning the recombinagenic capacity of P strains. More importantly, it would
appear that P-induced exchange in heterochromatin is rare. The induction of
various kinds of mutations was also monitored in several of these experiments.
The results indicate that the mutagenic potential of the P strains is substantial
and of particular interest, that certain types of mutations are P-strain specific.
For example, rare heterochromatic lesions were recovered exclusively in the
experiment using the k12 strain, whereas a novel pleiotropic mutation occurred
at a high frequency only in the 7-007 experiment. Our findings are discussed
within the context of a model of P-induced exchange.

THE experimental investigation of mutable genes in Drosophila melanogaster
has steadily escalated over the last two decades (GREEN 1976, 1980). The
success of this work attests to the incredible predictive power of genetic anal-
ysis. Thus, for example, the study of specific mutationally unstable or mutable
alleles at the white (w) locus prompted the suggestion that, in analogy with
prokaryotes, these lesions were insertion mutations (GREEN 1976; BINGHAM
1981). Recently, molecular confirmation of this hypothesis has been obtained
(CoLrins and RUBIN 1982; LEvis and RuBIN 1982; LEvis, COLLINS and RUBIN
1982). It appears likely that most, if not all, insertion mutations are caused by
mobile genetic elements (for review see RUBIN 1983).

Similar progress has been made in resolving mutator phenomena in this
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organism, both at the genetic and molecular levels. The most well-character-
ized and intriguing mutator system is referred to as P-M hybrid dysgenesis
(reviewed by BREGLIANO et al. 1980; GREEN 1980; BREGLIANO and KIDWELL
1983; ENGELS 1983). This system consists of a syndrome of well-defined ge-
netic and physiological anomalies, including frequent induction of single-site
mutations and chromosome rearrangements, recombination, nondisjunction,
nonreciprocal transmission of homologous chromosomes and gonadal dysge-
nesis (GD) sterility. These abnormalities are primarily restricted to the germ
line of both sexes, and they occur during and/or prior to meiosis. Further-
more, they are usually observed only in F; hybrids from certain crosses. Thus,
progeny of matings between males from lines recently obtained in the wild
and females from most established laboratory strains are dysgenic. However,
progeny from the reciprocal or intrastrain crosses are essentially normal.

The most extensively studied component of P-M dysgenesis is mutation in-
duction. A key hypothesis concerning the origin of P-induced mutations was
proposed by GREEN (1977). He found that most X-linked visible mutations
obtained from dysgenic individuals resembled mutable w alleles in their pro-
pensity to exhibit instability (see also GOLUBOVSKY, IvaNOvV and GREEN 1977;
ENGELS 1979, 1981). Therefore, he argued that such lesions were also inser-
tion mutations. This hypothesis has been confirmed at the molecular level
(RuBIN, KIDWELL and BINGHAM 1982; BINGHAM, KIDWELL and RUBIN 1982;
O’HARE and RUBIN 1983; ENGELS 1983). This was accomplished by demon-
strating that dysgenically derived w mutations are usually associated with the
insertion of foreign (P) elements into w gene sequences. Reversion of these
insertion mutations is usually accompanied by excision of the elements. Collec-
tively, P elements constitute a heterogeneous family of sequentially related
transposable elements. They are abundant and appear to be dispersed through-
out the genomes of all P strains examined. Presumably, P-induced mutations
result from either the insertion of the elements at specific loci (i.e., insertion
mutations) or heterologous interchange (i.e., chromosome aberrations). The
latter may be causally related to noninsertion aspects of P-element mobilization
(ENGELS and PRESTON 1981, 1984). As yet, no attempt has been made to
accommodate other dysgenic traits (e.g., GD sterility or recombination) within
this context.

A prominent and extensively studied manifestation of P-M hybrid dysgenesis
is P-induced male recombination. In fact, recombination in males was the first
diagnostic indicator of dysgenesis (HiralzuM1r 1971; HirRAIzuMI et al. 1973).
Subsequently, it was established that P-induced exchange also occurs in dys-
genic females (KIDWELL 1977; SLATKO 1978; SINCLAIR and GREEN 1979). A
variety of studies involving specific MR (male recombination) or P strains have
disclosed several important properties of P-induced recombination. These can
be summarized as follows: it occurs primarily if not exclusively during pre-
meiotic stages (see HIRAIZUMI et al. 1973; VOELKER 1974; WOODRUFF and
THOMPSON 1977); the chromosomal distribution of recombinant breakpoints
is clearly distinct from the pattern derived from spontaneous meiotic exchange
(e.g., HIRAIZUMI et al. 1973; WOODRUFF and THOMPSON 1977); the results of
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several independent studies indicate that P recombination does not result from
asymmetrical exchange events (VOELKER 1974; SVED 1978; ISACKSON, JOHNSON
and DENNELL 1981).

To obtain more information about the etiology of P-induced recombination,
the present work was directed toward the following objectives: to determine
whether there is evidence of site specificity with regard to chromosomal dis-
tribution of exchange events induced by different P strains; to establish
whether P-induced exchange actually occurs within heterochromatin and, if so,
to ascertain the relative proportions of heterochromatic vs. euchromatic ex-
change; to examine the relationship between P- and radiation-induced ex-
change; and to investigate the relationship between recombination and muta-
tion induction in dysgenic males. The results of our experiments are discussed
within the general framework of a simple model of P-induced recombination.

MATERIALS AND METHODS

Culture conditions: All cultures were maintained and crosses performed at 22° on standard
Drosophila medium consisting of cornmeal, sucrose, yeast and agar. Tegosept was used as an
inhibitor of mold growth. Ampicillin (50 mg/liter), in combination with either tetracycline or
streptomycin (15 mg/liter each), was used as a bacterial inhibitor. Except where indicated, crosses
were performed in shell vials.

Mutant and wild-type strains: For detailed descriptions of most of the mutations and special
chromosomes used in this study, see LINDSLEY and GRELL (1968). The second chromosome strain
S b It rl nw® Pin™ warrants special mention. This chromosome was constructed by adding the
dominant mutations S, nw” and Pin" to a chromosome marked with & It rl (kindly provided by D.
G. Horm). The b It 1l chromosome was derived from a single spontaneous meiotic recombinant
involving exchange between It and 7! (TATTERSALL 1981). The It and 7/ markers flank a chro-
mosome segment that is entirely heterochromatic (HILLIKER and HoLm 1975).

The following P strains were used in the present study (hereafter, MR and P strains will be
considered equivalent; see BREGLIANO and KIDWELL 1983): MR-k12 (referred to as k12): isolated
in Israel (for description, see GREEN 1977); the P-derived second chromosome is maintained in
combination with the multiply inverted chromosome Cy0. MR-n1 (referred to as nl): derived from
a single wild-type female collected in the Napa Valley of California. MR-sI (referred to as sI):
derived from a single wild-type female collected in the Sonoma Valley of California. T-007: isolated
in Texas; the P-derived second chromosome is maintained in combination with CyO (for origin
and description, see HIRATZUMI 1971; HIRAIZUMI et al. 1973). OK1: isolated in Oklahoma (kindly
provided by R. C. WOODRUFF; for origin and description, see WOODRUFF and THOMPsON 1977).
1978-1: isolated in Wisconsin (kindly provided by H. BROCK; see ENGELS and PRESTON 1980).

Although these strains have not been extensively examined for the presence of autosomal
inversions, the results of female recombination experiments involving several of them suggest that
they are relatively free of such rearrangements.

Mating schemes and general procedures for analysis of male recombination: To simplify description
of protocols, this part is divided into two sections. The first (i) comprises eight experiments that
collectively examine autosomal recombination induced by three different P backgrounds, as well
as the relationship between P- and radiation-induced recombination. The second section (ii) in-
cludes five experiments designed to assay heterochromatic vs. euchromatic exchange in different
P backgrounds. The mating schemes used are summarized below.

Section i: An identical scheme was used for the six P experiments. P males (from k12/Cy0, nl
or sI cultures) were mated en masse to either homozygous al dp b pr cn or ru h th st p* cu sr ¢*
females (15 pairs per bottle). Young (24-48 hr posteclosion) Fy al dp b pr en/P or ru b th st p? cu
st ¢*/P males from these matings were crossed to homozygous al dp b pr cn and ru h th 5t p* cu
sr ¢° females, respectively. In these test crosses, individual males (a total of 16-30/experiment)
were mated to harems of three to six females, and the males were transferred to fresh medium
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every 3 days (young virgin females were added at each brood), to a maximum of 21 days. The
parents were subsequently discarded. In two separate experiments, the relationship between radia-
tion- and P-induced recombination was examined as follows. Young F, k12/al dp b pr cn males
(derived from one of the crosses described above) and +/al dp b pr cn males (derived from matings
between Oregon R males and homozygous al dp b pr cn females) were irradiated with 3000 r of
X rays (using a modified dental machine operated at 90 kV/5 mA; 467 r/min). Subsequently, they
were crossed to homozygous al dp b pr ¢n females. In these crosses, individual males were mated
to harems of five females, and the males were transferred to fresh medium for eight consecutive
2-day broods (with virgin females added at each brood). Thereafter the parents were discarded.

Section ii: An identical protocol was used for the four P experiments in this section. P males
(from R12/Cy0, T-007/Cy0O, OK1 or 1978-1 cultures) were mated en masse to S b it vl nw® Pin"/
CyO females (20 pairs per bottle). Young Fy § b It vl nw” Pin®/P males were mated to homozygous
b it rl females. In these crosses, groups of three males (a total of 150-180 males per experiment)
were mated to harems of eight to ten females. The males were transferred to fresh medium every
2 days (with virgin females) to a maximum of 12 days, and then they were discarded. Fach brood
was subcultured by allowing the groups of inseminated females to lay in bottles for 4 days before
they were discarded. A modified mating scheme was used for the radiation experiment. Young §
b it rl nw® Pin™/+ males (derived from crosses between S & It ! nw® Pin™/CyO females and Oregon
R males) were exposed to 3000 r of y-radiation (Cobalt-60 Gammacell) and subsequently mated
to homozygous b It 7l females. In these matings, groups of ten to 12 males were crossed to harems
of 25 females in bottles. The males were transferred to fresh medium (with virgins) for ten
consecutive 2-day broods, and each brood was subcultured as described above.

In each experiment, recombinants were sought among the Fz progeny until 20 days after the
parents had been introduced. In several experiments, the occurrence of specific types of mutations
was also noted. Where necessary, putative recombinant and/or mutant offspring were subjected
to progeny tests in order to confirm their genotypes.

Two measures of recombination were used throughout, viz., percent exchange and percent
exchange events. The former values were obtained simply by expressing the total number of
recombinant progeny as a percentage of the total number of progeny. Percent exchange event
values were obtained as follows. First, the recombination data for single males (or, in the case of
experiments 9 to 13, single groups consisting of three males per group) were examined, and all
progeny exhibiting related exchange phenotypes (i.e., either reciprocal class of a given type of
exchange) were classified as derivatives of the same exchange event. Then, the total number of
each type of exchange event was expressed as a percentage of the total number of progeny. This
procedure was adopted in order to compensate for mitotic amplification of exchange induced prior
to meiosis. Although the percentage exchange event value probably represents an underestimate
of P-induced exchange, we believe that it is the more accurate measure. A similar procedure was
used to obtain measures of mutation induction in experiments 9, 10, 12 and 13.

RESULTS

Profiles of autosomal recombination induced by different P-strain genetic back-
grounds: The results of the experiments to examine P-induced autosomal re-
combination in males are summarized in Tables 1 (second chromosome) and
2 (third chromosome). The results of separate experiments investigating the
effects of X rays (experiment 4), and the combined effects X rays and P
background (experiment 5) on male recombination, are also presented in Table
1. For reference, the various chromosome intervals are designated as follows:
second chromosome = al—1—dp—2—b—3—pr—4—cn (see Figure 1); third
chromosome = ru—1—h—2—th—3—st—4—pf—B—cu—6—sr—7—¢" (see
Figure 2). Note that in each case, the centromere is located in interval 4.

Several observations can be made from these recombination data. First, with
regard to recombinagenic activity, all three P strains had marked effects on
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TABLE 1

Summary of results of second chromosome recombination experiments

% exchange per genetic interval®

Total

Experiment® 1 2 3 4 Total progeny
1 (h12) 0 0.28 (0.08)  0.02 (0.02) 0.20 (0.05) 0.50 (0.15) 22,116
2 (s1) 0 0.30 (0.15) 0.08 (0.08)  0.35(0.15)  0.73 (0.38) 7,896
3 (nl) 0 0.03 (0.03) 0.06 (0.06) 0.18 (0.12) 0.27 (0.21) 7,714
4 (O.R. + 3000 r)* 0 0.04 (0.02)  0.06 (0.06) 0.29 (0.15) 0.39 (0.23) 5,179
5 (h12 + 3000 ry 0 0.17 (0.13)  0.10 (0.07) 1.55 (0.24) 1.82 (0.44) 2,968
Control (O.R.) 0 0 0 0 0 25,995

¢ Percent exchange values are given first, with percent exchange event values shown in paren-
theses (see MATERIALS AND METHODS).

b P strain or treatment given in parentheses (O.R. = Oregon R).

Data for radiation experiments include only progeny derived from meiotic and premeiotic
broods as defined by the sterile brood (see AUERBACH 1954).

both chromosomes. Indeed, in terms of frequencies of exchange events, P-
induced recombination on the second chromosome was usually equivalent to
or greater than that induced by radiation (Table 1). The extent of P recom-
bination on the third chromosome was even more striking (Table 2). Moreover,
recombinagenic capacity was consistently strain specific, i.e., the most potent
strain was sl, nl exhibited intermediate potency and k12 was the least potent.

The second noteworthy point is that, in agreement with previous work (e.g.,
HIRAIZUMI ¢t al. 1973; WOODRUFF and THOMPSON 1977), it would appear that
much of the P-induced exchange seen in our experiments occurred prior to
meiosis. This is evident from a statistical analysis of the recombination data
from individual males in experiment 1 (Table 3). In this analysis, the distri-
butions of recombinants were tested for conformity with the predicted Poisson
distributions, using the index of dispersion, x? (HIRAIZUMI et al. 1973). The
results show that for at least two of the intervals (dp—b and pr—cn), the
recombinant distributions differed significantly from the expected Poisson val-
ues. Further examination of the data in Table 3 reveals that very large clusters
of recombinant progeny were produced by single males (e.g., one male pro-
duced 26 individuals that arose via exchange in the pr—cn interval). Equivalent
analysis of the data from one of the third chromosome studies (experiment 7)
produced similar findings (data not shown). Taken together, these observations
indicate that at least some and perhaps most P-induced recombination occurs
during premeiotic stages of spermatogenesis.

The third observation concerning the recombination data is that the distri-
bution of P-induced exchange along the chromosome is nonrandom and this
effect appears to be strain specific. This can be seen more clearly in Figures
1 and 2, where the data are presented as proportional distribution of exchange
events for the various chromosome intervals. For comparative purposes, maps
derived from appropriate radiation studies are included (the second chromo-
some radiation map is derived from experiment 4 data in Table 1; the third
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TABLE 3

Analysis of frequency distributions of recombinant progeny produced by individual

dysgenic males in experiment I

No. of males yielding recombinants in regions indicated

No. of recombinants/male dp—+b b—pr pr—cn
0 14 26 18
1 6 3 7
2 5 1 1
3 2 0 2
4 1 0 1
5 0 0 0
6 0 0 0
7 0 0 0
8 0 0 0
9 0 0 0
10 0 0 0
13 1 0 0
22 1 0 0
26 0 0 1
Total males 30 30 30
Total recombinants 61 5 45
Total progeny 22,116 22,116 22,116
Recombination frequency 0.28 0.02 0.20
(%)
Mean 2.03 0.17 1.50
Variance 20.31 0.21 22.53
Index of dispersion 290.14 35.82 435.58
(%)
Probability P < 0.001 NS P < 0.001
NS = not statistically significant from the Poisson.
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FIGURE 1.—S8econd chromosome maps derived from male recombination experiments involving
the P strains k12, sI and nl. Data are presented as proportions of exchange events occurring in
various chromosome intervals. For comparison, maps derived from female meiotic recombination
data (Genetic Map) and X-ray-induced (3000 r) male recombination data are shown at the top and
bottom, respectively. Blocks of centromeric heterochromatin and the centromere are represented

by closed bars and an open circle, respectively.
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Ficure 2.—Third chromosome maps derived from male recombination experiments involving
the P strains 212, sI and nl. Maps derived from female meiotic recombination data (LINDSLEY
and GRELL 1968) and radiation-induced male recombination data (PURO 1966) are shown at the
top and bottom, respectively.

chromosome radiation map is modified from PUrRO 1966). Presumably, the
radiation maps are reasonably representative of random exchange. Not sur-
prisingly, the bulk of the radiation-induced exchange on the second chromo-
some (Figure 1) occurred in the regions flanking the centromere (i.e., the
proximal interval). However, in general this was not true for P-induced ex-
change. For example, the patterns emerging from the 212 and s/ experiments
indicate that the majority of the exchange events occurred in euchromatic
regions, particularly that flanked by dp and &. In contrast, most of the recom-
bination induced by the n! strain did occur in the proximal interval, although
considerable exchange also occurred in wholly euchromatic segments (e.g., note
the b-pr interval). The difference between patterns of P- and radiation-induced
exchange is even more marked when one examines the third chromosome data
(Figure 2). Although substantial amounts of P-induced exchange consistently
occurred within the proximal interval, in no case did this exceed 30% of the
total. Compare this to the radiation map, in which more than 70% of the third
chromosome exchange observed by PURO (1966) occurred in the proximal
segment. Furthermore, not only did the vast majority of P exchange occur in
euchromatic regions of the third chromosome, but there were clear indications
of site specificity for the different strains. For example, 38% of the hI12 ex-
change occurred within interval 1 (ru—#), whereas 47 and 29% of nl and s1
exchange, respectively, occurred in the p’—sr region. Moreover, nearly a
quarter of the sl-induced exchange occurred in the h—st segment in the left
arm of the chromosome.

In summary, it appears that P recombinagenic activity is substantial, but the
potency can vary from strain to strain. Interestingly, in contrast with radiation-
induced exchange, P-induced recombination occurs more frequently in wholly
euchromatic segments. Furthermore, our data illustrate that different P strains
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can elicit distinct site specificity with respect to chromosomal distribution of
exchange breakpoints. Finally, in agreement with previous studies, we have
found that a substantial proportion of P-induced exchange occurs premeioti-
cally. ,

Confirmation of the nonasymmetrical nature of P-induced recombination: Previous
findings have indicated that male recombination does not occur by asymmet-
rical exchange (VOELKER 1974; SVED 1978; ISACKSON, JOHNSON and DENELL
1981). These studies were predicated on the reasonable notion that asym-
metrical exchange events would frequently produce deficiency- and duplica-
tion-bearing recombinant chromosomes, many of which would be lethal when
homozygous. To extend this approach in the present work, recombinant chro-
mosomes derived from experiments involving two different P strains were
tested for homozygous viability. First, lines from 71 recombinant second chro-
mosomes produced by 212 (Table 1, experiment 1) were examined. Sixty-three
of these were homozygous viable and the remaining eight were lethal. Since
three of 28 nonrecombinant chromosomes from the same experiment were
lethal, it is clear that few, if any, of the recombinant chromosomes contained
lethal lesions that were actually generated through exchange. A similar result
was obtained from analysis of 20 recombinant third chromosomes produced
by nl (Table 2, experiment 8). In this case all but one of the chromosomes
tested were homozygous viable. The results of these tests confirm those of the
previous studies. Taken together, they suggest that P-induced exchange occurs
with a relatively high degree of fidelity. From this perspective, it is not unlike
spontaneous meiotic exchange.

Investigation of the relationship between P- and radiation-induced recombination:
Radiation is one of the most extensively studied recombinagenic agents (for
reviews, see SANKARANARAYANAN and SoBeLs 1976; BECKErR 1976). Thus,
some insight into the etiology of P-induced exchange might be gained by
exploring the relationship between the two agents. The results of the study to
investigate the combined effects of the P genetic background and X rays on
male recombination are shown at the bottom of Table 1 (experiment 5). To
assess these effects, it is necessary to compare the overall level of exchange
obtained in this experiment to that obtained by adding the levels of exchange
induced by the two agents independently (i.e., experiments 1 and 4). It can be
seen that, in combination, these two agents evoked an exchange frequency of
0.44%, whereas the independent total is 0.38% (0.15 plus 0.23). The similarity
between these totals strongly suggests that radiation and k12 act in an additive
rather than synergistic fashion, with respect to induction of recombination.
This is consistent with the hypothesis that the recombinagenic activity of these
agents occurs by different mechanisms.

Investigation of heterochromatic vs. euchromatic recombination in dysgenic males:
Our findings concerning the chromosomal distribution of P-induced exchange
were intriguing and clearly warranted further investigation. Of particular in-
terest was the nature of proximal recombination. In the present study, levels
of P-induced exchange in proximal regions of both autosomes were significant
(although they were considerably less than those induced by radiation). Even
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more striking in this regard are the results of previous work indicating that
most of the exchange induced by the P strains T-007 (HIRA1ZUMI et al. 1973)
and OK 1 (WOoDRUFF and THOMPSON 1977) occurred within proximal segments
of the second chromosome. However, the question of whether this type of
exchange actually occurs within heterochromatin has not been tested defini-
tively. The reason for this is that the appropriate chromosome bearing heter-
ochromatic markers in the required configuration did not exist. We con-
structed such a chromosome, S b It rl nw” Pin™ (see MATERIALS AND METHODS)
and then utilized it to determine the relative proportion of P-exchange events
induced in euchromatic vs. heterochromatic regions of the chromosome. The
P strains, h12, T-007, OK1 and 1978-1, were used for this purpose. The results
of this study are summarized in Table 4. Results of an experiment monitoring
the frequency and distribution of exchange in S b It rl nw® Pin"/+ males
treated with 3000 r of y-radiation are also included. For reference, the various
chromosome intervals have been designated as follows: $—1-—b—2-—I{t—3—
rl—4—nw”—5—Pin" (see Figure 3). Note that intervals 1 and 5 are wholly
euchromatic, whereas intervals 2 and 4 contain both euchromatic and heter-
ochromatic segments, and interval 3 is entirely heterochromatic.

Several conclusions can be drawn from these data. First, they confirm our
previous findings concerning the recombinagenic potency of the P genetic
background in relation to that of radiation. In each case, the frequency of P-
induced exchange events either equaled or exceeded that produced by radia-
tion. Indeed, the most potent strain, 7-007, produced four- to five-fold more
exchange than did 3000 r of y-radiation. Second, strain-specific differences in
recombinagenic capacity similar to those mentioned previously (see Tables 1
and 2) are also evident from these data. For example, compare the overall
level of T-007 recombination with that observed for £12. The third and by far
the most interesting observation emerging from the data pertains to the chro-
mosomal distribution of exchange breakpoints (Table 4 and Figure 3). As
expected, a substantial fraction of radiation-induced exchange events (26%)
occurred within interval 3, i.e., the wholly heterochromatic segment flanked
by the markers It and rl. This undoubtedly represents an underestimate of the
total amount of heterochromatic exchange (see DISCUSSION). In distinct con-
trast, very little exchange occurred within the lt—rl region in dysgenic males.
Indeed, of the four P strains, only 12 elicited perceptible levels of hetero-
chromatic exchange (i.e., 7% of the total number of exchange events). Even
the very recombinagenically potent strain 7-007 produced no exchange within
the lt—rl interval. Therefore, with some reservations (DISCUSSION), we con-
clude that P-induced heterochromatic exchange on the second chromosome is
exceedingly rare.

In summary, the important findings of the latter study are two-fold. First,
our results are consistent with the aforementioned observations concerning the
extremely high recombinagenic capacity of the P genetic background and the
fact that this capacity can vary from strain to strain. Second, and more impor-
tantly, P-induced exchange within second chromosome heterochromatin ap-
pears to be extremely rare.
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FIGURE 3.—Second chromosome maps derived from male recombination experiments involving
the P strains 12, T-007, OK1 and 1978-1. Maps derived from female meiotic recombination data
(LINDSLEY and GRELL 1968) and y-ray-induced (3000 r) male recombination data are shown at
the top and bottom, respectively. Note that the genetic markers used allow a comparison of
heterochromatic vs. euchromatic exchange (see text).

P-induced mutations obtained in recombination experiments: The question of the
relationship between P mutagenesis and recombination induction is as yet un-
resolved. To obtain more information about this question, we monitored mu-
tation induction in several of the above experiments (Table 4, experiments 9,
10, 12 and 13), and a summary of the resulting data is presented in Table 5.
The protocol used for these experiments necessarily limits this analysis to
dominant mutations or recessive alleles of b, it and rl.

An examination of the data in Table 5 reveals that the total frequencies of
mutation events range from 0.2% for both A12 and 1978-1 to 0.42% for T-
007. These are somewhat lower than the radiation frequency; nevertheless,
they are significant. No spontaneous mutations were detected from among
more than 12,000 control progeny (data not shown). Therefore, in analogy
with their recombinagenic capacity, these P strains possess an impressive mu-
tagenic capability. It is evident that, although some strain specificity exists with
respect to mutagenic capacity (e.g., the T-007 mutation frequency was two-fold
higher than the others), this specificity is less striking than that characteristic
of P-induced recombination (see Table 4). Analysis of the data for individual
groups of male parents revealed that many mutations occurred in clusters,
suggesting that the mutation events were induced premeiotically (data not
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TABLE 6

Results of complementation tests between two hl2-induced It mutations and lethal
alleles of selected complementation groups occupying proximal 2L heterochromatin®

Complementation groups

Mutant designation VI Vil VIIE® X
M + (10/41) + (39/123) — (0/349) - (0/190)
nme? + (11/28) + (18/47) + (19/167) - (0/152)

“ Crosses: 1t"'?/Cy0 males X lethal/SM1,Cy females.

* A lethal allele of a locus other than It was used for this test (see HILLIKER 1976 and text).

°+ and — denote complementation and noncomplementation, respectively. Numbers of [t*'%/
lethal heterozygotes (numerator), relative to the total number of progeny per cross (denominator),
are given in parentheses.

shown). This is in distinct contrast to the lack of clustering of mutations in the
radiation experiment.

A most interesting aspect of the mutation data pertains to the types of
mutants observed. In each case, Minute (M) lesions constituted the most com-
mon class (Table 5, column 1). Perhaps this is not surprising, since M loci
represent the largest single group of haplo-abnormal genes in the organism
(LINDSLEY et al. 1972). This finding suggests that the detection of Minutes
may provide a convenient means of monitoring mutagenic effects in dysgenic
hybrids. The & locus also appears to be fairly susceptible to P mutagenesis
(column 4), i.e., all of the P experiments yielded » mutations at frequencies
similar to that seen in the radiation experiment.

By far the most interesting finding concerning the types of P mutations
identified is the apparent strain specificity with respect to the production of
certain lesions. This is especially evident for the rarer heterochromatic muta-
tions. For example, a single I mutation, as well as four independently derived
It mutants, were recovered in the 212 experiment. None of the other experi-
ments produced any heterochromatic lesions. Recall that P-induced hetero-
chromatic exchange was also restricted to the 212 experiment.

The possibility that P-induced heterochromatic mutations may frequently
involve chromosomal rearrangements was indicated by the fact that all of the
aforementioned I/t mutants were also M-like in phenotype, suggesting that they
may be deletions or other types of aberrations. To examine this question
further, two of these mutants were tested for complementation with lethal
alleles of the four complementation groups that occupy the centromeric het-
erochromatin in the left arm of chromosome 2 (HILLIKER 1976). The results
of these tests are summarized in Table 6. The groups are listed in numerically
ascending order according to their distance from the centromere (e.g., group
V1 is the most proximal and group IX is the most distal). Group VIII contains
three subgroups including the It locus (with both lethal and visible alleles), as
well as two other loci defined by lethal alleles. One of the latter was chosen
for the present analysis. The results show that the t*'*' mutation inactivates
not only the It locus but also one of the other group VIII loci, as well as the
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adjacent group IX gene. This indicates that it is a deletion extending from a
point between groups VII and VIII to the distal portion of the heterochro-
matin, or perhaps even beyond into adjacent euchromatin. Complementation
tests with a variety of proximal 2L euchromatic deficiencies (data not shown)
have revealed that both the histone gene cluster and the M(2)H locus (WRIGHT,
HODGETTS and SHERALD 1976) are intact in the [t*'*'-bearing chromosome.
Moreover, cytological analysis of the salivary gland chromosomes of t*'*! re-
vealed no abnormalities in the proximal region of 2L (data not shown). Thus,
the distal breakpoint of the P-induced deletion probably lies proximal to sec-
tion 40A and is, therefore, very close to the heterochromatic/euchromatic
junction. Further examination of the results in Table 6 reveals that it"'2? is
also a deletion but with slightly different genetic properties. The data suggest
that it extends from the It locus to the distal portion of 2L heterochromatin
(i.e., it does not delete the non-it member of group VIII or any of the more
proximal loci). Although preliminary, these results certainly support the notion
that many P-induced heterochromatic lesions may be chromosomal rearrange-
ments.

Initial genetic analysis suggested that the 5 bw'-like mutations obtained in
this study (all but one were identified in the 12 experiment) might be het-
erochromatic/euchromatic rearrangements that affect bw locus expression due
to position-effect variegation. However, cytological analysis of three of the
mutants revealed no visible rearrangements that could account for the bw"-like
phenotype (data not shown).

Another example of a strain-specific P mutation involves a rather unique
class of lesion that was induced almost exclusively in the 7-007 background
(Table 5, column 2). These mutants exhibited a uniform pleiotropic phenotype
that included M traits, as well as rough eyes, broad wings and sterility. These
traits are reminiscent of phenotypes evoked by mutations at two adjacent loci
that reside near the tip of 2L, viz., M(2)21C1-2 and ex. Thus, it is possible that
this pleiotropic lesion involves the deletion or, in some other way, inactivation
of both loci.

In summary, we conclude that like P recombinagenesis, P-mediated muta-
genesis is extremely potent and frequently occurs prior to meiosis. There is
evidence of strain specificity with regard to mutagenic capacity, although this
was not as marked as that observed for P recombination. Similarly, strain
specificity exists with respect to the kinds of mutations produced. Of primary
importance is the finding that P-induced heterochromatic lesions were re-
stricted to the h12 experiment, whereas what appears to be a specific type of
pleiotropic mutation was frequently detected only in the T-007 study. In con-
trast, other types of mutations (e.g., b and M lesions) were obtained at equiv-
alent frequencies in both the P and the radiation experiments.

DISCUSSION

This study represents the first comprehensive comparative investigation of
P-induced male recombination. Our results have confirmed several previously
observed characteristics of this phenomenon and, in addition, a number of
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novel findings have emerged. Thus, we have demonstrated that the capacity
of P strains to induce recombination is striking. By and large, the recombina-
genic potency of these strains is equivalent to or greater than that of radiation,
and this property is also strain specific. In agreement with earlier findings, our
results indicate that P-induced exchange frequently occurs during premeiotic
stages of spermatogenesis (HIRAIZUMI et al. 1973; WOODRUFF and THOMPSON
1977) and that the actual mechanism of exchange is relatively precise
(VOELKER 1974; SVED 1978; ISACKSON, JOHNSON and DENELL 1981). In addi-
tion, our finding that the 212 genetic background and radiation act independ-
ently with regard to induction of recombination is important to the assessment
of possible mechanisms of P-induced exchange.

Undoubtedly, the most intriguing result of the present work concerns the
chromosomal distribution of P-exchange events. We have observed nonrandom
distribution patterns of P-induced exchange breakpoints on both the second
and third chromosomes. These patterns were frequently strain specific and in
general they differed markedly from the corresponding patterns of exchange
induced by radiation. The most surprising example of this was the dearth of
exchanges in second chromosome heterochromatin in dysgenic males; of the
four P strains tested, only AI2 produced heterochromatic exchange at a de-
tectable frequency. From these data, we conclude that P-induced exchange in
these regions of the chromosome is extremely rare. This result contrasts with
the findings of Hira1zumI (1981) regarding female recombination observed in
the I-R system of hybrid dysgenesis. In this study, he reported elevated fre-
quencies of proximal recombination, a large proportion of which appeared to
occur within heterochromatin.

In a subset of the recombination experiments, we also monitored the occur-
rence of visible mutations among the offspring of dysgenic males and the
following conclusions have emerged from these data. First, it is clear that, like
P recombinagenesis, P mutagenesis is extremely potent and frequently occurs
during premeiotic stages. Second, the frequent recovery of m mutations among
the progeny of dysgenic males suggests that the detection of these lesions will
serve as a convenient measure of P mutagenic activity. Third, and most im-
portantly, the induction of certain types of mutations appears to be strain
specific. For example, all of the mutations involving the heterochromatic loci
It and rl were obtained in the A12 experiment and two of the It mutations
were deficiencies in proximal 2L heterochromatin. Moreover, a specific type
of mutation whose pleiotropy points to a multisite lesion was frequently ob-
served in only the T-007 experiment. If it is true that many of these strain-
specific mutations were associated with chromosomal rearrangements, this
raises the possibility that they were generated by heterologous interchange
coinciding with P-element mobilization. Presumably, a significant proportion
of the other P-induced mutations recovered in this study were dye to P-
element insertion.

Although it is obvious that P-induced exchange is somehow related to the
activity of P elements, the nature of this relationship is as yet unclear. From a
simple perspective, exchange could be a direct consequence of chromosome
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breakage resulting from events that lead to insertion or mobilization of P
elements. Therefore, exchange within a given chromosome interval would be
largely dependent, on the one hand, upon the ability of the DNA sequences
within that interval to act as a target for insertion or, on the other, the a priori
presence of a P element within the interval. Either situation could give rise to
patterns of site-specific recombination. An alternative hypothesis envisages
male recombination as an indirect by-product of certain physiological proper-
ties of hybrid dysgenesis. For example, one or more of the products encoded
by the P sequences (O’HARE and RUBIN 1983) may actually promote general
chromosome as well as DNA strand breakage. This might result in homologous
or heterologous chromosome interchange. However, exchange of this type
would presumably occur randomly along the chromosome and frequently be
asymmetrical in nature. Clearly, the precision of P-induced exchange, as well
as the chromosomal distribution of exchange breakpoints, is incompatible with
the physiological hypothesis.

If it is assumed that P-induced recombination is not an indirect physiological
consequence of hybrid dysgenesis, the question remains, what is the relation-
ship between exchange and P-element activity. Some recent findings pertaining
to P-induced chromosome rearrangements may be relevant to this discussion.
There is considerable evidence that, for most of the rearrangements generated
in dysgenic hybrids, at least one of the breakpoints occurs at the site of resi-
dence of a P element (ENGELS and PRESTON 1981, 1984). Moreover, the site-
specific nature of P-induced chromosomal aberrations appears to be correlated
with the nonrandom chromosomal distribution of P elements (BERG, ENGELS
and KREBER 1980; YANNOPOULOS ¢t al. 1983). Interestingly, ENGELS and PRES-
TON (1984) have observed a net tendency toward loss of P elements at rear-
rangement breakpoints (although in some cases, P-element gains did occur).
Taken together, these findings suggest that P-induced rearrangements are not
generated during the process of P-element insertion; rather, it is more likely
that they are causally related to breaks at or near preexisting P elements in
the chromosome.

ENGELS and PRESTON (1984) propose that generation of most rearrange-
ments in dysgenic hybrids is a two-step process. First, chromosome breaks or
preconditions for breakage (e.g., single-strand nicks in the DNA) occur at one
or both termini of different P elements. The rearrangement is then formed
by random reunion of the chromosome segments produced by the breaks.
According to this model, P element loss or excision might arise when the
breaks occur at both termini of an element and the element is excluded upon
reconstitution of the breakpoint. This could explain the observed net loss of
P elements associated with heterologous exchange. However, the relationship
between P-element excision and transposition is as yet unclear. Excision might
be a normal component of transposition. Alternatively, it could be an aberrant
by-product of the transposition process (VOELKER et al. 1984).

The aforementioned model may also be applicable to P-induced recombi-
nation. However, there are no a priori reasons to favor such a model over one
in which recombination results from DNA strand breakage associated with P-
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element insertion. Although the amount of experimental evidence bearing on
this issue is not abundant, several observations may be relevant. For example,
in the present study, we have observed that radiation does not interact syn-
ergistically with the genetic background of h12 with regard to induction of
recombination. Similarly, SOBELS and EEKEN (1981) have reported that X rays
and %12 exhibit no synergistic interaction with respect to the production of
translocations. On the other hand, in the same study, these workers found that
radiation and ~12 do interact synergistically concerning the production of X-
linked lethal mutations. These findings tend to argue against an insertion-
mediated exchange hypothesis, i.e., although radiation apparently facilitates P-
element insertion (perhaps by providing additional insertion sites through DNA
strand breakage), it does not greatly enhance male recombination. Another
relevant finding in this regard is that recombinant chromosomes from dysgenic
males rarely contain lethal mutations. This is the opposite of what one would
expect if recombination is concomitant with insertion, since a significant pro-
portion of insertions would likely inactivate essential loci (e.g., see SPRADLING
and RUBIN 1983).

It should be possible to test these alternatives more critically. For example,
if chromosomal hotspots for P-recombinant breakpoints are equivalent to sites
of residence of the elements in P-derived chromosomes, then this would favor
a version of the rearrangement hypothesis of Engels and Preston. The tend-
ency for a given recombination hotspot to exhibit net loss of P elements would
also support this hypothesis. On the other hand, the tendency for such hotspots
to acquire additional elements de novo would favor the insertion hypothesis.

A simple extension of the rearrangement hypothesis of Engels and Preston
can be used to explain P-induced recombination. Thus, DNA strand breaks at
the termini of P elements could frequently result in host strand infiltration of
the DNA duplex of the closely paired homologous chromosome (as suggested
by ISACKSON, JOoHNSON and DENELL 1981), leading to precise recombination
(SzosTAK, ORR-WEAVER and ROTHSTEIN 1983). Presumably, the occurrence of
such recombinagenic events during intervals when homologous chromosomes
are paired (e.g., perhaps during early premeiotic stages of spermatogenesis)
would favor homologous exchange, whereas their occurrence during later
stages might promote heterologous exchange. It is interesting to note that this
hypothesis requires the presence of P elements in only one of the homologous
chromosomes. It is also possible that some recombination results from insertion
of P elements into the M homologue, followed by pairing of the elements and
crossing over within the paired elements. A similar mechanism involving a
copia-like element has been implicated in unequal exchange at the w locus
(GOLDBERG et al. 1983). However, since it is probable that such a mechanism
would often result in asymmetrical exchange, it is unlikely that it is a major
contributor to recombination occurring in dysgenic males.

The paucity of P-induced recombination within second chromosome heter-
ochromatin is intriguing and warrants special mention. Genetically, /¢t and r!
have been positioned between their respective heterochromatic/euchromatic
boundaries and the centromere (HILLIKER and HoLM 1975). Therefore, any
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heterochromatic recombination occurring distal to these markers would not be
detected as such. However, with this limitation in mind, we argue that P-
induced exchange in second chromosome heterochromatin is extremely rare.
This is certainly consistent with the earlier findings of VOELKER (1974). Recall
that there was also a distinct paucity of mutations involving heterochromatic
loci or regions of heterochromatin in our study. Moreover, all of the hetero-
chromatic exchange events and heterochromatic mutations were induced by
h12.

If it is assumed that the constitutive heterochromatin of the other chromo-
somes is fundamentally similar to that of the second chromosome, it is reason-
able to suggest that these segments would also be fairly refractory to the
mutagenic and recombinagenic effects of P elements. The most straightforward
explanation for the relative lack of P-induced heterochromatic exchange and
heterochromatic mutations is that few P elements are present in heterochro-
matin of P strains, perhaps because they rarely insert into DNA sequences
located within these regions of the genome. This hypothesis is at least some-
what supported by the findings of several different investigations of P-mediated
gene transfer (SPRADLING and RUBIN 1983; SCHOLNICK, MORGAN and HIRsH
1983; GOLDBERG, POSAKONY and MANIATIS 1983; RICHARDS et al. 1983; Ha-
ZELRIGG, LEVIS and RUBIN 1984). In total, more than 100 different P-element
insertions in various parts of the genome were obtained in these studies, yet
only two of these occurred near or within heterochromatin (SPRADLING and
RuBIN 1983; HAZELRIGG, LEvIS and RUBIN 1984). This hypothesis is also
supported by the results of cytological analyses of large numbers of X and
second chromosome aberrations produced in dysgenic hybrids (BERG, ENGELS
and KREBER 1980; YANNOPOULOS et al. 1983). Few if any of these rearrange-
ments possessed heterochromatic breakpoints. In the present context, the re-
sults of both recombination and mutation analyses would suggest that the
second chromosome heterochromatin of k12 contains some P elements,
whereas in T-007, OK1 and 1978-1, these segments are relatively devoid of P
elements. Furthermore, we would predict that, even in dysgenic hybrids, het-
erochromatic insertion of P elements would be rare. On one level, these pre-
dictions can be tested using in situ hybridization. Such an analysis should at
least reveal whether the chromocentric regions of salivary gland chromosome
preparations contain substantial numbers of P elements. A second more defin-
itive approach would be to isolate the highly redundant satellite sequences
(these are known to constitute much of the DNA in proximal heterochromatin;
for review see PEACOCK et al. 1977) from P strains or dysgenic hybrids and,
then, to probe these sequences for the presence of P elements.

If P-element insertion is in fact restricted primarily to euchromatin, this
would be in marked contrast to the ubiquity of other types of transposable
elements in the genome of this organism (e.g., the foldback and copia families;
see TRUETT, JoNES and POTTER 1981; RUBIN 1983). There are at least two
possible explanations for such a property. First, there may be a paucity of the
8-base pair consensus sequence in heterochromatin (O’HARE and RUBIN 1983).
Alternatively, the steric properties of highly condensed constitutive hetero-
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chromatin could interfere with P-element insertion. Resolution of this question
should provide useful information concerning the biological properties of P
elements.

It should be emphasized that our modified form of the Engels and Preston
hypothesis represents the simplest interpretation of the data. It seems likely
that, in addition to P elements, other transposable elements are mobilized in
dysgenic individuals (e.g., RUBIN, KIDWELL and BINGHAM 1982; GERASIMOVA
et al. 1984). Therefore, the mutagenic and recombinagenic effects observed
may reflect the additive effects of all of these elements. Furthermore, GREEN
(1984) has argued that many aspects of P-M hybrid dysgenesis (e.g., insertion
mutations, chromosome breakage and cytotype) require the presence of both
P transposable elements, as well as a distinct class, the so-called MR elements.
Our study does not provide any evidence bearing on either of these issues.
Obviously, both scenarios might somewhat complicate interpretation of our
results. However, although their confirmation would necessitate some modifi-
cation of our explanation of P-induced recombination, its overall thrust would
remain.
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