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ABSTRACT 
This  report  presents  the results  of  a  recombination experiment  designed  to question the existence 

of special sites for  the initiation or termination of a  recombination heteroduplex within the region 
of the rosy locus. Intragenic recombination  events were monitored between two physically separated 
rosy mutant alleles $'' and ry2 utilizing DNA restriction site polymorphisms  as  genetic markers. 
Both ry3"' and ry2 are known from previous  studies  to be associated with gene conversion frequencies 
an  order of magnitude lower than single site mutations. The  mutations  are associated with large, 
well defined  insertions located as internal sites within the locus in prior  intragenic  mapping studies. 
On  the molecular map, they represent  large insertions approximately 2.7 kb apart in the second 
and  third  exons, respectively, of the XDH coding  region. The present  study  monitors  intragenic 
recombination in a mutant heterozygous genotype in which DNA homology is disrupted by these 
large discontinuities, greater  than  the region of DNA homology and  flanking  both sides of the 
locus. If  initiatiodor  termination  requires  separate sites at  either  end of the locus, then  intragenic 
recombination within the rosy locus of the heterozygote should be eliminated.  Contrary  to  expectation, 
significant recombination between  these sites is seen. 

C LASSICAL genetic theory postulates that  het- 
erozygous  chromosomal  rearrangements  inhibit 

meiotic recombination for some  distance beyond the 
rearrangement breakpoints by disrupting  the inti- 
mate  pairing necessary for homologous  exchange  to 
occur.  This  notion  derives  from extensive classical 
recombination data as well as cytological observations 
in higher eukaryotes  such as Drosophila and maize. 
The notion  that synapsis is disrupted in the vicinity 
of the  breakpoints of chromosomal  rearrangements 
leads  to the prediction  that if one analysed intragenic 
recombination,  intragenic  deletions  and  insertions 
would similarly inhibit  exchange in adjacent  regions 
of the same  gene.  However, in prokaryotes,  recom- 
bination  occurs readily between nucleotide  substitu- 
tion  mutations  and  non-overlapping deletion  muta- 
tions within the same  gene. Similarly, in Drosophila 
melanogaster, intragenic  deletions and insertions 
within the rosy locus do not  appear to disrupt  the 
recovery of crossovers between rosy point  mutations 
and  the  boundary of the insertion or deletion  het- 
erozygosity. The only dramatic effects of rosy locus 
insertion/deletions are  that  large insertion/deletions 
(of several hundred nucleotides or larger)  convert 
less readily than  do point  mutations within the locus 
(CHOVNICK, BALLANTYNE and HOLM  1971;  GELBART 
et al. 1974;  GELBART, MCCARRON and  CHOVNICK 
1976;  CLARK et al. 1986). 

Despite many years of extensive investigation, the 
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mechanism(s)  underlying meiotic or general  recom- 
bination  remain as a  major unsolved problem area 
of genetics and molecular biology.  Most of the genetic 
data  upon which contemporary models have been 
developed (e.g., MESELSON and RADDINC 1975; Szos- 
TAK et al. 1983)  derive  from  studies  in several fungal 
systems and prokaryotes (see reviews, Cold Spring 
Harbor Symposia in Quantitative Biology 1978;  1984). In 
higher metazoa, the only substantial body of data has 
come from recombination studies involving the rosy 
locus of Drosophila  melanogaster (see review in HILLI- 
KER and  CHOVNICK 1981). As noted (op.  cit.), intra- 
genic  recombination in Drosophila appears to be 
consistent with the  fungal  data,  and in particular, 
with the view that  general  recombination involves 
conversion (i.e., a  nonreciprocal  transfer of infor- 
mation)  in  the  immediate  region of each exchange 
event, and that  a  fraction of these events are seen as 
crossovers for flanking  outside  markers.  Operation- 
ally, in random  strand  mutant heteroallele recombi- 
nation  experiments, we classify recombinants as 
either crossovers (for  flanking  markers), or conver- 
sions (noncrossovers for flanking  markers). 

HASTINGS  (1987) has reviewed the  current state of 
models of recombination and has presented  further 
evidence  in support of those models involving the 
formation of a  heteroduplex  intermediate.  Gene  con- 
version is seen as correction of the  heteroduplex by 
excision of the region of mismatch followed by repair 
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synthesis, while postmeiotic segregation  represents 
the  failure  of  correction.  Indeed, postmeiotic segre- 
gation has been  seen  in  Drosophila only in the 
presence  of an excision repair defective  mutation 
(CARPENTER  1982, 1984). 

The present  report is focused upon  the notion that 
recombination may be  polar in that it  may initiate or 
terminate  at fixed sites in the DNA. This notion 
developed  first from  studies of conversion  in  fungal 
systems which exhibited allele conversion  frequency 
gradients ( i e . ,  polarity)  paralleling map  order (LIS- 
SOUBA et al. 1962; MURRAY 1963). It is assumed 
generally, that recombination  initiates from nicks in 
the DNA, followed by limited nuclease digestion and 
eventual  repair  replication. In  the  event of replication 
copying from a  nonsister DNA strand in  a  heterozy- 
gote,  a  region of heteroduplex mismatch may result. 
Polarity of mismatch correction (ie., conversion) has 
been  taken  to imply the existence of special fixed 
sites in the DNA for initiation or termination  of  the 
heteroduplex.  A  molecular  model  for  such special 
sites in eukaryotic  recombination is provided by the 
Chi sites of  lambda  phage  (STAHL  1979).  Effort to 
examine  the possibility of polarity of conversion 
frequency directly in the rosy system (HII.I.IKE:K  and 
CHOVNICK 1981) was frustrated by limitations inher- 
ent to the Drosophila  intragenic  recombination sys- 
tem. We are unable to examine all of the  products 
of a single meiotic event as in fungal  tetrad analysis, 
and  our large scale selective systems permit recovery 
only of wild-type recombinants.  Nonetheless, the 
present  study is able  to  question the possible existence 
of special sites for initiation or termination of a 
recombination heteroduplex in the vicinity of the rosy 
locus. 

Most of the rosy locus mapping  data is limited to a 
5-kb  segment of the  gene  corresponding  to most of 
the XDH coding  region (HILLIKEK  and  CHOVNICK 
1981; CLARK et al. 1986),  for which the DNA sequence 
is known (KEITH et al. 1987;  LEE et al. 1987). In  order 
to test for  the existence of special sites for initiation 
or termination  of  recombination  in D. melanogmter, 
we have assayed for  exchange between two rosy 
mutant alleles (ry3" and 9') that  are physically 
separate  and  are associated with large, well defined 
insertions. These insertions  occur within polypeptide 
coding  regions of the  gene  and convert far less readily 
than do point  mutations  (CLAKK et al. 1986; COTE et 
al. 1986).  Moreover,  both are internally located within 
the  recombinational or genetic map of rosy locus 
mutations  (CLARK,  HILLIKER  and  CHOVNICK 1986; 
CLARK et al. 1986).  If  (1) special sites for  the initiation 
or termination of a  recombination heteroduplex exist 
on either  side  of  the locus, and if (2) all crossovers 
involve a  conversion  event  in the  immediate region 
of each exchange,  then we would expect that  the 
reduced  conversion  seen with these  insertion  muta- 

tions would be  paralleled by an elimination  of  crossing 
over between these mutant sites. 

MATERIALS AND METHODS 

Chromosomes,  balancers  and mutations: Several  abbre- 
viated  designations  are  employed.  These  include 
MKRS = Tp(3)MKRS,   M(3)S34 kar 7.r' Sb; PI8   =In(3L)P  + 
In(3R)PI8 ,  Ubx 7y4' km, e4; is a 7.0-kb calypso insertion 
(CLARK et al. 1986; COTE et al. 1986)  located  in  exon 2 of 
the rosy  locus (LEE et al. 1987). $ is an  8.5-kb B104 
insertion  located  in  exon 3 of the rosy locus,  approximately 
2.7 kb downstream of the 4" insertion (COTE et al. 1986; 
LEE et al. 1987). Df(3R)rJ6 is a rosy region  deficiency  that 
completely  lacks the 8. l-kb Sal1 fragment  that  includes  the 
entire rosy  locus  as  well  as adjacent non-rosy DNA (CLARK 
and CHOVNICK 1986).  Additional  information  concerning 
these  chromosomes  and  mutations  may  be found in LINDS- 
LEY and GRELL (1968),  and HILLIKER et al. (1980). 

Probes: Plasmid  constructs  employed  to  generate rosy 
locus probes may  be found in CLARK and CHOVNICK (1986). 
Plasmid DNA was isolated by standard ethidium  bromide, 
cesium  chloride  equilibrium  centrifugation  following so- 
dium  dodecyl  sulfate  (SDS) lysis of chloramphenicol am- 
plified,  plasmid  bearing  bacteria. ( M A N I A I ' I S ,  FRI-ISCH and 
S A m R o o K  1982). The 1.4-kb BglII fragment  utilized as a 
probe was liberated  from  the  plasmid by appropriate 
endonuclease  digestion.  Liberated  fragments were sepa- 
rated by agarose gel electrophoresis  and were  recovered 
from the gel by electrophoresis onto ion exchange  paper 
(NA 45 Schleicher & Schuell, Keene, New Hampshire). 
The bound D N A  was recovered by elution  from  the ion 
exchanFe  paper  and  ethanol  precipitation (DKE.I.ZEN et 01. 
198 1). ' 'P-labeled DNA was prepared utilizing the  method 
of RI(;HY ~1 ai. (1977). 

DNA extraction  and  Southern analysis: DNA was ex- 
tracted  from  adult flies following the  method of CLARK et 
al. (1984). Procedures  for  Southern analysis are described 
in Kcst~t.o\v, BF.NI)F,R and CI~OVNI( :K (1984)  and CLARK et 
a1. ( 1984). 

Selective system  mating  system: Selective system mat- 
ings were carried out  following a purine  selection  protocol 
suitable  for  discriminating  between XDH- and  wild-type 
levels  of activity (CHOVNICK 1973). 

The experimental  system: Mutant heteroallele  females, 
r y 3 " ' / r y Z ,  were  crossed in large  scale  fine structure mapping 
experiments  to  tester males P18/MKRS, and  their  progeny 
were reared on purine  supplemented selective  medium. 
Figure 1 illustrates this mating  and  indicates  the  relative 
positions within the rosy locus DNA of the r y 3 " ' ,  calypso 
insert,  the r y 2 ,  BZ04 insert, as well as the distribution of 
heterozygous  restriction  sites that play a role in the analysis 
of the  recombinants.  Surviving ry+ exceptions,  occuring as 
rare  single  individuals  among the matings,  were  crossed to 
the tester stock to establish  lines  from which DNA is 
extracted  and  the rosy DNA analysed. 

RESULTS AND DISCUSSION 

Large scale matings  were  carried out following the 
protocol  described above. Thirteen ry + individuals 
survived the  purine selective crosses in  a total of 1.27 
X 10" sampled  progeny. The survivors  arose as rare, 
single individuals of either sex,  scattered at  random 
among  the matings that comprised the  experiment. 
Following the protocol of Figure  1, all 13  exceptional 
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FIGURE 1.-Mating scheme employed in the recombination 
experiment. The relative positions within the rosy locus  DNA of 
the $"', calypso insert, the $, B104 insert, as  well  as the distribution 
of heterozygous restriction sites that serve as unselected markers 
are indicated. E+"EcoRII site present, E"EcoRI1 site absent, 
B+-EglII site present, B--BglII site absent, Pf-PuuII site 
present, P ~ " P v u I 1  site absent. 

ry+ bearing  chromosomes were examined  for  the 
restriction site markers  (Figure 1) in DNA extracts 
of flies heterozygous for a  complete  deletion of the 
rosy locus, Df(3R)ryJ6. Southern analyses of BglII, 
EcoRII and PuuII digests are presented in Figures 2, 
3 and  4, respectively, and  the recombination  data are 
summarized in Figure 5. 

Figure 2A illustrates the BglII sites present in the 
rosy region of the ry3*' bearing  chromosome. The 
sites within the calypso insert of ryj"' are  taken  from 
COTE et al. (1986).  Figure 2B presents  the BglII sites 
on  the $ bearing  chromosome,  and  Figure 2C 
presents  a  Southern blot of SglII digested  genomic 
DNA extracts  probed with the 8.1-kb Sal1 rosy frag- 
ment which covers the  entire region. The extracts of 
the  parental $" and $ are included as well  as each 
of the  13 recombinants. Points to be  noted  are:  (1) 
both of the  parental  lanes  and all recombinants 
exhibit SglII fragments of -10 kb, 2.0 kb, 1.4 kb 
and 0.6 kb  (Figure 2C). These reflect identical BglII 
sites within the rosy region DNA of both $'' and $ 
(Figure 2, A and B). (2) The rightmost  heterozygous 
marker in the cross is seen as a  0.3-kb fragment 
present  in  the  parental $" lane and absent in the 
ry2 lane. All 13  recombinants possess this fragment 
indicating that they are B+ for  the  rightmost,  het- 
erozygous  flanking marker in the cross (Figures  1 
and 5). (3) The internal BglII marker  present im- 
mediately to the  right of the ry3" insert  and absent 
on  the $ DNA is responsible  for an  intense  band at 
3.0 kb in the $" lane  and  in  one of the  recombinants 
(Figure 2C lane 5) .  (4) The ry3" lane exhibits two 
unique  bands (0.4 kb and 1.3 kb) reflecting BgZII 
sites within the calypso insert which produce  frag- 
ments  carrying rosy DNA. Similarly, the B104 insert 
of ry2 (Figure 2C lane 2) produces  one  fragment  that 
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FIGURE 5.--Bg/Il restriction analysis of ?>'''' and tT2 bcaring 
chromosomes and  ry+ recombinants. (A) Bg/II sites present in the 
rosy region of the $'I bearing chromosome. The sites  within the 
calypso insert of are taken from COTE et al. 1986. (B) BglII 
sites on  the $ bearing chromosome. The SalI sites denote  the 
limits  of the 8.1-kb SalI fragment. Intervals (in kb) between the 
BglII sites are indicated except  for those sections involving the 
inserts. (C) Southern blot of BglII digested genomic DNA probed 
with the 8.1-kb SalI rosy fragment which  covers the  entire region. 
Genomic digests were loaded as follows: Lane 1, $"; lane 2, r f ;  
lanes 3-15 ryc recombinants, the single $'I to ry+ conversion is 
presented in lane 5 while the other lanes display crossovers. The 
autoradiogram of lanes 1 and 2 presents a single x-ray exposure 
with an intensifying screen being employed over the lower portion 
of the filter to darken the low molecular weight bands without 
overexposing the larger bands. The autoradiogram  presented in 
lanes 3-15 is a composite of two  gels and two  x-ray exposures;  a 
long exposure was employed to detect the low molecular weight 
bands, while a shorter exposure used for  the  upper portion of the 
gel. 

intensifies the -10-kb band,  and a second fragment 
just  under 3.0 kb. 

We next  consider the leftmost  heterozygous  flank- 
ing marker in the cross, the EcoRII site located to 
the left of ry3", and  absent in the $ DNA. This 
heterozygosity is located within the 1.4-kb BglII DNA 
segment  common to both  the ry3" and $ DNA 
(Figures 2 and  3). Figure 3, A and B, illustrates the 
distribution of EcoRII sites in  the  immediate  region 
of the 1.4-kb BglII fragment,  and illustrate the  frag- 
ments  to  be  expected in an EcoRII digest probed 
with the 1.4-kb BglII fragment.  Figure 3C demon- 
strates that  the # DNA produces 1 fragment of 2 
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FIGURE 3.--EcoRII restriction analysis  of ,lo' antl j bearing 
chromosomes and  ry+ recombinants. (A  and H) Distribution of 
EcoRIl sites  in the immediate region of the 1.4-kb H,qlIl fragment 
in ty'"' and #, respectively. Also depicted are the  fragments 
expected in a whole genome  Southern analysis  of EroRII digested 
DNA probed with the 1.4-kb BglII fragment (indicated by solid 
line). (C) Southern blot of EcoRII digested genomic DNA probed 
with the 1.4-kb BgllI fragment. Genomic digests were loaded as 
follows: Lane I ,  $; lane 2, ty'"'; lanes 3-15 "+ recombinants, 
the single f" to ry+ conversion i s  presented in lane 5 while the 
other lanes display crossovers. This autoradiogram is a composite 
of  two  gels. 

kb, while the 7yylor DNA produces two fragments, 
one of 1.5 kb and  the  other of 0.5  kb. Figure 3C 
presents a blot which indicates, as well, the EcoRII 
digestion results  for all recombinants.  Of  interest is 
that 12 of the recombinants are E- like the 
parental DNA. Since all of the recombinants  carry 
the B+ flanking  marker at  the  right  end of the region 
like the $'I parental DNA (Figure  2C),  then  the 12 
E- recombinants are crossovers for  the flanking 
outside  markers  (Figure  5). The single E' recombi- 
nant, which is also €3' for  the  right  end  flanking 
marker,  thus  carries  both of the qt3''' parental  outside 
flanking  markers, and is classified as a conversion of 
7y3" to 7y+ (Figure  5). 

Consider  next  the 13 recombinant lines of Figure 
2C. Twelve of  the recombinants possess a 4.4-kb 
SglII fragment which indicates that  the crossovers 
were all located in the interval between the BglII site 
to  the  right of the 7y3" insert  (Figure 2A), and to 
the left of the # insert  (Figure 2R). The remaining 
recombinant is the  one  that possesses the parental 
outside  flanking  markers and has been classified as 
a conversion. This recombinant  does  not  produce a 
4.4-kb fragment,  but  rather has a 3.0-kb fragment 
like the ry3"' parent.  Hence, we conclude  that the 
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the 8.1-kb Sal1 fragment. Intervals (in kb) between the PvulI sites 
are indicated except for those sections involving the inserts. (C) 
Southern blot of IJvuII digested genomic DNA extracts probed 
with the 8.1-kb Sal1 ro.y fragment which  covers the  entire region. 
Genomic digests were loaded as follows: Lane I ,  ty'"'; lane 2, r?; 
lanes 3-15 ry+ recombinants, the single ty'"' to ry+ conversion is 
presented in lane 5 while the other lanes display  crossovers. This 
autoradiogram is a composite of two  gels. 
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FIGURE 5.--Summary of recombination analysis. (A) The ty'"'l 
Ty' female heterozyogote and the ry+ recombinant resulting from 
a crossover event between ty'" and ri2.  (B) The tyM1ln2 female 
heterozyogote and the ry+ recombinant that results from a con- 
version  of $" to  ry+.  The relative positions within the r o q  locus 
DNA of the $"', cu!@so insert, the $, B104 insert, as well as the 
distribution of heterozygous restriction sites that serveas unselected 
markers are indicated. E+-EcoRII site present, E--EcoRII site 
absent, B+-BglII site present, B--Bg/II site absent, P+-PvuII site 
present P--PvuII site absent. The number of recombinants in each 
class  is indicated. 
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TABLE 1 

Recombination  map  distance vs. kilobase  distance  in  mutant  heteroallele  recombination  tests involving site mutations  and  large 
insertion  mutations 

Mutant  heteroallele No. of r y +  N Map distance Distance estimate" cMikb 
recombination test crossovers ( X  I r e )  cM( X I ( ) ' )  kb ( x  IO- ' )  ( x IO1') 

lY606/ry5205 
16 0.26 12.3 4.0 3.08 

7Yyho6/lY3 
46 2.53 3.64 2.7 1.35 

rJo'irJ 12 1.27 1.89 2.7 0.70 

Estimates from data  presented in LEE et al. (1987); KEITH et al. (1987). ' Data from  CLARK,  HILLIKER  and  CHOVNICK (1986). 
' Data from CLARK et al. (1986). 

DNA segment of the conversion of ry30' to ry+ did 
not  extend  to  the BglII site immediately to the  right 
of the calypso insert on  the go' chromosome. The 
converted DNA exhibits this 7y3O1 parental  B + marker 
(Figures 1 and  5). 

By virtue  of the PuuII heterozygosity immediately 
to the left of the calypso insert of rypol (Figure l) ,  we 
are able to further limit the  extent of this conversion 
event.  Figure  4,  A and B, presents  the  distribution 
of PvuII sites present in the rosy region  indicating 
the relative positions of ry3" and ry2 respectively. 
Intervals between the PvuII sites are indicated  except 
for those sections involving the inserts.  Consider the 
13  recombinant  lanes on  the PvuII blot (Figure  4C). 
The 12 lanes of DNA from  the crossovers exhibit 
identical Southern analyses with fragments of 1 .O kb, 
2.0 kb, 2.2 kb, and  4.2 kb, further  confirming that 
the crossovers occurred between the go' and ry2 

insertions. The DNA from  the conversion is missing 
the 2.2-kb band,  but exhibits one  at 2.4 kb indicating 
that it is P- for  the PvuII site immediately to the left 
of the ry3" insert, like the $01 parental DNA. Hence 
the conversion event of $" to ry + essentially re- 
moved the calypso insert  and  did not  extend  suffi- 
ciently into  the rosy DNA to  include  the  immediate 
markers  flanking  the  insert,  a  distance of approxi- 
mately 400 bases. The missing 2.2-kb and 1.0-kb 
bands in the PvuII digests of 7y3" and $ (Figure 
4C)  indicate the locations of insertion. The new bands 
in each case reflect  the  presence of PvuII sites within 
the inserts. 

The recombination analysis is summarized in  Fig- 
ure 5.  From 1.27 x 10" progeny  screened, 13 ry + 

recombinant  chromosomes were recovered. Utilizing 
heterozygosity for restriction sites as genetic markers, 
12 are clearly crossovers (yielding a map distance of 
0.00189 cM), while only one recombinant is a  con- 
version of ry301 to ?y+. The conversion frequencies 
are consistent with our  prior observations on these 
mutant alleles (CLARK et al. 1986) when tested against 
site mutations (ry301 = 0 in 5.16 x 10" progeny 
sampled; ry2 = 2  in  6.25 X 10" progeny). The 
surprising  result is the recovery of significant num- 
bers of crossovers within the 2.7-kb region  of ho- 
mology flanked by large  heterozygous, non-rosy  DNA 

insertions. Thus, for  the DNA segment under inves- 
tigation, only 14.8% of that DNA is homologous [2.7/ 
(7.0 + 2.7 + 8.5)] .  Clearly, the  present  data  exclude 
the possibility  of a single site on  either  side of the 
locus for initiation or termination of heteroduplexes. 
Rather,  recombination may begin at a  large  number 
of sites within the rosy locus, and  produce  hetero- 
duplexes  that may terminate  at  a  large  number of 
sites. Those  heteroduplexes  that  straddle  one or the 
other insertion would lead, largely to apparent failure 
of recombination. On such  a  model,  some  reduction 
of crossovers due to the large  heterozygous  insertions 
should  occur. That this, in fact, is the case, may be 
seen from  an examination of the  data  summarized 
in Table 1.  Row 1 (Table  1)  summarizes  recombina- 
tion involving the allele complementing site muta- 
tions ryhoh, located near  the 5' end of exon  2  and 
ry52"5 which is close to the 3' end of the  gene. 
Considering this to be baseline normal crossing over 
in terms of cM/kb, we note  that  reduced  exchange is 
observed in row 2  (Table 1) for  the cross involving 
ry606 and ry' which is associated with an insertion of 
the 8.0-kb transposable  element, B104 located in 
intron 3 (COTE et al. 1986; LEE et al.  1987). However, 
when both  mutant alleles are associated with large 
insertions as in the  present  study  (row 3, Table l) ,  
even more  dramatic  reduction of crossovers is seen. 
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