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ABSTRACT 
The Rpl region of maize was originally characterized as a complex locus which conditions resistance 

to the fungus Puccinia sorghi, the causal organism in the common rust disease.  Some alleles of Rpl 
are meiotically unstable, but  the mechanism of instability is not known. We have studied the role of 
recombination in meiotic  instability in  maize  lines  homozygous for  either Rpl-J or Rpl-G.  Test cross 
progenies derived from a line that was homozygous for Rpl-J,  but heterozygous at flanking markers, 
were screened for susceptible  individuals. Five susceptible  individuals were derived from 9772 
progeny. All five had nonparental combinations of flanking markers; three had one combination of 
recombinant flanking markers while the  other two had the opposite pair. In an identical study with 
Rpl-G,  20 susceptible  seedlings were detected out of 5874 test cross progeny. Nineteen of these were 
associated  with flanking marker exchange, 1 1  and 8 of each recombinant marker combination. Our 
results indicate that unequal exchange is the primary mechanism of meiotic instability of Rp1-J and 
Rpl-G.  

G ENES  controlling  resistance to plant  pathogens 
have  been  identified  in  numerous  plant  species. 

Most  of  these  genes  are  dominant  and  confer resist- 
ance  to specific races  of a pathogen (HOOKER and 
SAXENA 197  1;  CRUTE  1985; KEEN 1990).  Race-spe- 
cific  resistance  genes  interact  with  corresponding 
genes  for  avirulence  in  bacterial  and  fungal  pathogens 
in a gene-for-gene  manner (FLOR 1955)  (reviewed by 
KEEN  1990).  Genes  that  condition  resistance  to bio- 
trophic  fungi are often  tightly  clustered in the  genome 
(FLOR 197 1 ; SHEPHERD and MAYO 1972;  SAXENA  and 
HOOKER 1968; HULBERT and MICHELMORE 1985; 
WISE and ELLINCBOE 1985). The  Rp  genes  of  maize, 
which  condition  resistance  to  the  common  rust  fun- 
gus, Puccinia  sorghi, provide a classic example  of  this 
clustering.  Most  of  the  25  Rp  genes  identified by 
HOOKER and  co-workers  mapped  to  two  genomic 
areas  (SAXENA  and HOOKER 1968; HOOKER and  Rus- 
SELL 1962; LEE et al. 1963;  HAGAN  and HOOKER 
1965). Each gene  could  be  distinguished by the spec- 
trum  of  rust isolates to which  they  conferred resist- 
ance. Six of  the  genes  mapped to a  locus on  chromo- 
some 3 (Rp3-A-Rp3-F) and  16  genes  mapped  to  an 
area on the  short  arm  of  chromosome 10. T h e  lack of 
recombination  between 14 of  these  genes  in small  test 
cross  families  suggested  that  they  might be allelic and 
they  were  given  the  Rpl  designation  (Rpl-A-Rpl-N). 
T w o  other  genes  were  designated  Rp5  and  Rp6  as 
they  mapped  roughly 1 and 2 map  units  from  Rpl-C 
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and 3 map units from  each  other.  More  extensive 
analysis of  Rpl  has  indicated  that susceptible  individ- 
uals, and individuals  with the  combined resistance  of 
both  parents,  can  be  generated  from  test crosses  of 
certain  Rpl  heterozygotes  (SAXENA  and  HOOKER 
1968). A similar  analysis  with flanking  restriction  frag- 
ment  length  polymorphism  (RFLP)  markers verified 
that  such  changes in  resistance  were  generated by 
recombination  and  suggested  that  the  Rpl locus  con- 
sisted  of  more  than a  single  cistron  (HULBERT and 
BENNETZEN  1991). Most of  the  Rpl  genes  mapped 
within 0.3 map  unit  of  each  other,  but  Rpl-G  maps 
1-3  cM  distally, near  Rp5. 

Another  interesting  aspect  of  Rpl is that  some 
alleles are  meiotically  unstable.  This instability  has 
been  observed  as a high  frequency  of  susceptibles in 
test  crosses  of  certain  Rpl  homozygotes  (PRYOR  1987; 
BENNETZEN et al. 1988).  The  mechanism  of this  insta- 
bility is unknown.  In a previous  study  (HULBERT  and 
BENNETZEN  1991),  susceptible  derivatives  from  an 
Rpl-A  homozygote  were analyzed for  flanking  marker 
exchange. All of  the  derivatives  had  recombinant 
flanking  markers  but  only  one  nonparental  combina- 
tion  of  flanking  markers was observed.  Both  nonpar- 
ental  combinations  of  flanking  markers  would  have 
been  expected if the instability was due to unequal 
exchange.  It is possible,  however,  that  the  Rpl ho- 
mozygote  used was not a true  homozygote since it was 
made by crossing  two  unrelated  maize lines  which 
were  both  thought  to  carry  Rpl-A.  In  the  present 
study,  we  have  constructed lines homozygous  for two 
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Rpl area genes, Rpl-J and Rpl-G,  which were heter- 
ozygous  for  flanking  markers.  Test  crosses of these 
lines were used to  analyze  the role of recombination 
in Rpl  instability. We report  here the  characterization 
of the  mechanism of meiotic  instability of Rpl-J and 
Rpl-G. 

MATERIALS AND METHODS 

Genetic stocks: All of  the Rpl alleles were originally 
identified and backcrossed into the  R168 genetic back- 
ground by A.  L. HOOKER and co-workers at  the University 
of Illinois, Champaign-Urbana. Many of the  Rpl genes were 
also transferred  to the B14 inbred  background. The maize 
lines carrying RpZ-J, Rpl-G  and RpZ-I  used  in this study 
were in the  R168 genetic background. The RpZ-D gene 
employed was  in the B14 inbred background. The inbreds 
OH43  and  H95 carry no known  Rp genes and were used  as 
male parents in test crosses  with the RpZ homozygotes. 
Maize line 1291,  carrying the oy seedling morphological 
marker, was obtained  from the Maize Genetics Stock Cen- 
ter, University of Illinois, Champaign-Urbana, and also car- 
ries no known Rp genes. 

Flanking RFLP markers: Several RFLPs have been 
mapped  to the  short  arm of chromosome 10, where the  Rpl 
locus resides (WEBER and HELENTJARIS 1989; BURR et al. 
1988; BEAVIS and GRANT  1991). Three RFLP loci were 
genetically positioned with respect to  the  Rpl genes (HUL- 
BERT and BENNETZEN 1991)  to provide flanking markers 
for studies of the recombinational behavior of RpI.  Two 
RFLP loci, NP1285 and NP1422, mapped proximally to the 
Rpl area. NP1422 was the closest proximal RFLP marker, 
mapping roughly 1 cM from RpZ  in most  crosses. NP1285 
mapped 3-10 cM proximal to  Rpl depending on  the cross. 
BNL3.04, was positioned 1-2  cM distal to  Rpl-G. Both RpZ- 
G and BNL3.04 map distally to  the  other Rp l  genes (HUL- 
BERT and BENNETZEN 199 1). 

An alternative  probe, KSU3a, was used to  detect the 
NP1422 locus. The KSU3a clone is a 3.5-kb EcoRI-Hind111 
fragment that was subcloned from a  recombinant 
maize:lambda clone selected by hybridization to the NP1422 
probe. The KSU3a and NPI422 probes  often hybridize to 
the same genomic fragments upon Southern analysis, but 
KSU3a detects additional fragments. These additional bands 
also cosegregate with the  Rpl region (data  not shown). The 
additional cosegregating bands detected by this probe makes 
it a  more informative marker in  most  crosses. The  probe 
used to  detect the BNL3.04 locus was a 1.2-kb PstI-BamHI 
fragment in the 2.2-kb PstI insert of the BNL3.04 clone 
( HULBERT and BENNETZEN 199 1). 

The  Rpl genes were originally identified by screening 
large  numbers of maize inbred lines from diverse sources of 
germplasm. The RpZ genes have been transferred  to  the 
maize inbred  R168 by backcrossing, creating  a series of near 
isogenic lines. Variation has been maintained among  the 
differential lines at RFLP loci  which are closely linked to 
the RpZ locus (HULBERT and BENNETZEN 1991).  Hence, 
these RFLP markers can be used to assay recombination at 
Rpl.  

Construction of Rpl-J homozygotes with heterozygous 
flanking markers: T o  assess the role of recombination in 
the instability of Rp1-J homozygotes, it was necessary to 
construct F, hybrids that were homozygous at RpZ but 
heterozygous at  the flanking DNA markers. Two such Fls 
were made for Rpl-J using three different  recombinant 
maize lines as  parents. Line J1 (see Table 1) was used as a 
parent in both hybrids. The RpZ-J-R168 line carries the 

RFLP alleles NPI285-6 and BNL3.04-2. Line J1 was derived 
from  a recombination event within the cross (RpZ-J-R168/ 
RPZ-D-B14)/H95 and has the BNL3.04-Z allele from  the 
RPI-D-Bl4 line. Lines 52  and  53 were derived from recom- 
bination events between RpZ and NPI285 and carried Rpl-  
J with the NP1285-3 allele. Line 52 was derived from the 
above cross, while line 53 was derived from the cross (RpZ- 
J-Rl68/RpZ-F-R168)/1291. Recombinants from these pop- 
ulations were self-pollinated to obtain  parental lines  which 
were homozygous at Rpl-J and  the flanking RFLP markers. 
Two separate populations were derived by test crossing 
hybrids of the lines J1 crossed to  52 and  J1 crossed to 53 
(Table 1). 

Construction of Rpl-G homozygotes with heterozygous 
flanking markers:  An  F1 hybrid was constructed which was 
homozygous for RpZ-G but heterozygous at flanking mark- 
ers, essentially the same way the Rpl-J Fls were assembled; 
from recombinant maize  lines  which carried Rpl-G but had 
either  the distal or proximal marker alleles exchanged with 
alternate alleles. The RpZ-G-R168 line has the NP1422-IO 
and BNL3.04-2 alleles. Line G1 was selected from the cross 
(RPZ-G-R168/Rpl-I-R168)/B14. It was derived  from  a re- 
combination event between RpZ-G and BNL3.04 and had 
RpZ-G with the BNL3.04-I allele. Line G2 was derived from 
the cross (RpI-G-Rl68 X 1291) X 1291 and carries Rpl-G 
with the NP1422-9 allele. As  with the Rpl-J recombinants, 
the original recombinants in these two populations were 
self-pollinated to obtain the G1 and G2 lines  which were 
homozygous at  Rpl-G  and  the recombinant flanking mark- 
ers (see Table 2). The hybrid between G1 and G2 was test 
crossed to  generate  a family to screen for susceptible deriv- 
atives. 

The test cross families  of both  the Rpl-G  and RpZ-J 
homozygotes were constructed by using resistant Fls as the 
female parent so that susceptible individuals would not result 
from pollen contamination. 

Selection and analysis of susceptible test cross individ- 
uals: The test cross population from the RpZ-J lines were 
screened for susceptible individuals using the rust isolate 
KS1 that is avirulent on maize  lines carrying Rpl-J (HUL- 
BERT, LYONS and BENNETZEN  1991). The  Rpl-G test cross 
population was screened with the rust isolate 1-4 which  is 
avirulent  on maize lines carrying Rpl-G (BENNETZEN et al. 
1988; HULBERT,  LYONS and BENNETZEN 1991).  Test cross 
families were screened by planting 100-1 20 seeds in a 38 X 
61 X 8 cm flat and inoculation with the  appropriate rust 
isolate. Inoculated seedlings were incubated for 16 hr in a 
mist chamber and scored for susceptible individuals 7 days 
later. Susceptible seedlings from RpZ-J test crosses were 
covered with sporulating pustules while the  other seedlings 
in the flat showed a typical Rp1-J response; chlorotic spots 
with occasional  small pustules. Susceptible individuals from 
the  Rpl-G test cross were also fully susceptible while resist- 
ant individuals had very  small necrotic spots typical  of the 
Rpl-G response. Susceptible individuals were then trans- 
planted into large pots, and seed was subsequently obtained 
following self fertilization. The progeny of each seedling 
were tested to verify susceptibility. 

Flanking marker analysis: Total genomic DNA extrac- 
tion and gel blot analysis was performed as described pre- 
viously (HULBERT  and BENNETZEN 199 1). ScaI digested ge- 
nomic DNA of susceptible individuals derived  from  Rpl-J 
populations and EcoRI digested genomic DNA  of susceptible 
individuals derived  from Rpl-G populations were fraction- 
ated in 0.8% agarose gels and transferred  to MSI blotting 
membranes. Membranes were hybridized to the [32P]dCTP- 
labeled RFLP  probes NPI285,  KSU3a and BNL3.04 for 24 
hr  at  65". Hybridized membranes were washed  with 0.1 X 



Unequal  Exchange at Rpl 121 

TABLE 1 

Susceptible test cross progeny from Rpl-J homozygotes 
~ ~ ~~~ ~~ ~~ 

Genotypes at flanking RFLP  markers' 

Proximal 
Test crosses Origina marker Distal marker 

Parent J 1 NPI285-6 BNL3.04-I 
Parent 52 and 53 NPI285-3 BNL3.04-2 
Susceptible progeny (J1  X 53) X H95 # 1  co NPI285-6 BNL3.04-2 
#2 co NPI285-6 BNL3.04-2 
#3 co NPI285-6 BNL3.04-2 
#4 co NPI285-3 BNL3.04-I 
(J1 X 52) X H95 # 1  co NPI285-3 BNL3.04-1 

a CO (crossover) indicates that the derivative had nonparental combinations of flanking markers. 

and BNL3.04. 
Only the flanking marker alleles from the F1 parent are given for the recombinants; the tester parent, H95, is homozygous for NPI422 

SSC ( 1  x SSC = 0.15 M sodium  chloride  and 0.0 15 M sodium 
citrate, pH 7.0) and 0.1 % SDS solution at 65" for at least 2 
hr. The membranes were then autoradiographed  for 24- 
48 hr at -80". 

RESULTS 

Analysis of test cross progeny from Rpl-J and 
Rpl-G homozygotes: The screening of test cross prog- 
eny of Rpl-J homozygotes yielded five susceptible 
seedlings out of 9772 tested. All five had  nonparental 
combinations of flanking RFLP  markers  (Table 1). 
Four of the  recombinants  (out of 6414) were derived 
from  the J1 X 53 population while the J1 X 52 popu- 
lation yielded only one recombinant out of 3358 
seedlings screened. Three of the  recombinants  had 
the NPZ285-6 allele of J1  at  the proximal RFLP locus 
and the BNL3.04-2 allele of 53 at  the distal RFLP 
locus (Table 1). The other two recombinants  had the 
opposite  nonparental  combination of flanking  mark- 
ers. 

The test cross families of Rpl-G homozygotes 
yielded 20 susceptible individuals out of 5874 prog- 
eny. Nineteen of these were associated with flanking 
marker  exchange (CO type), whereas one susceptible 
individual arose  on  a parentally marked  chromosome 
(NCO type; Table 2). Of the 19 susceptible individuals 
associated with crossing over,  eight had the NPZ422-9 
allele of G2 at  the proximal RFLP locus together with 
the BNL3.04-I allele of G1 at  the distal RFLP locus, 
whereas 11 carried  the NPZ422-I0 allele of G1 along 
with the BNL3.04-2 allele of G2 (Figure 1). The single 
NCO type individual carried  both proximal and distal 
flanking  markers of the G1 parent. 

Susceptibility of the  recombinant individuals from 
the Rpl-J and Rpl-G populations was verified by 
progeny  testing with the  appropriate  rust isolate. 
Progeny from all  of the recombinants were found  to 
be completely susceptible, including the individual 
from  the Rpl-G population which originated  on  a 
parentally  marked  chromosome. 

DISCUSSION 

The role of recombination in meiotic instability was 
examined in two different Rpl region genes, Rpl-J 
and RpI-G. Previous mapping experiments have in- 
dicated  that most Rpl genes, including Rpl-J, are 
clustered within about 0.3 cM of each other  (SAXENA 
and HOOKER 1968, HULBERT  and  BENNETZEN 1991). 
RpZ-G mapped up to 3 cM distally  in some crosses. 
Estimates of meiotic instability have been reported  for 
many  of the Rpl genes (PRYOR 1987; BENNETZEN et 
al. 1988). As with the  present  study, previous esti- 
mates of instability were conducted by screening test 
cross populations of Rpl homozygotes. It was not 
possible to test the  role of recombination in previous 
studies because flanking  markers were not available. 
No previous estimate of Rpl-J instability is available, 
but  the  present  frequency (5 X was similar to 
that  reported  for  a  number of  different Rpl homo- 
zygotes. The previous estimates of instability of Rpl-  
G varied from 1.8 to 7 X the highest observed 
for any Rpl area  gene (PRYOR 1987; BENNETZEN e t  
al. 1988). The frequency of Rpl-G instability in the 
present  population (3.4 X 1 0-3) lies  within this range. 

All five susceptible derivatives from Rpl-J homo- 
zygotes and 19 of the 20 derivatives from Rpl-G 
homozygotes were associated with recombination of 
closely linked flanking  markers. Furthermore, both 
nonparental  combinations of flanking markers were 
obtained  from  both types of populations. This indi- 
cates that  the susceptible derivatives arose by unequal 
crossing over.  Unequal crossing over  requires se- 
quence duplications that  retain synaptic homology. 
Studies of recombination between duplicated se- 
quences in maize (DOONER and KERMICLE 197 1 ; ROB- 
BINS et al. 1991), Drosophila (DAVIS, SHEN  and JUDD 

1987) and yeast (MALONEY and FOCEL 1987) have 
indicated that mispairing occurs  frequently, possibly 
as frequently as normal  pairing. The high level  of 
instability in some Rpl genes is consistent with this 
observation. The recovery of both possible nonpar- 
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TABLE 2 

Susceptible  test  cross  progeny from Rpl-G homozygotes 

Genotypes  at  flanking RFLP markers 

Proximal 

b 

Test cross Origina marker 
Distal 

marker 

Parent GI NPI422-10 BNL3.04-1 
Parent G2 NPI422-9 BNL3.04-2 
Susceptible progeny (G1 X G2) X H95 # 1  co NPI422-10 BNL3.04-2 
#2 co NPI422- 10 BNL3.04-2 
#3 co NPI422-10 BNL3.04-2 
#4 co NPI422- I O  BNL3.04-2 
#5 co NPI422-10 BNL3.04-2 
#6 co NPI422-I0 BNL3.04-2 
#7 co NPI422- I O  BNL3.04-2 
#8 co NPI422-10 BNL3.04-2 
#9 co NPI422-10 BNL3.04-2 
#10 co NPI422-10 BNL3.04-2 
# 1 1  co NPI422-10 BNL3.04-2 
#12 co NPI422-9 BNL3.04-1 
#13 co NPI422-9 BNL3.04-1 
#14 co NPI422-9 BNL3.04-I 
#15 co NPI422-9 BNL3.04-1 
#16 co NPI422-9 BNL3.04-I 
# I 7  co NPI422-9 BNL3.04-I 
# I 8  co NPI422-9 BNL3.04-1 
#19 co NPI422-9 BNL3.04-I 
#20 NCO NPI422-9 BNL3.04-2 

' CO (crossover)  indicates that  the derivative had  nonparental  combinations of flanking  markers while NCO (noncrossover)  indicates that 
i t  did not. 

NPI422 and BNL3.04. 
Only the flanking marker alleles from the FI parent  are given for the susceptible progeny;  the  tester  parent, H95, is homozygous for 

ental combinations of flanking markers in both Rpl- 
J- and  Rpl-G-derived susceptible progeny is evidence 
of mispairing in both possible directions  (Figure 2). 

In a previous analysis of recombination in various 
lip1 heterozygotes, virtually all  of the susceptible re- 
combinants  exhibited  recombinant flanking markers 
(HULBERT  and BENNETZEN 1991). Only one  recom- 
binant, from an  Rpl-EIRpl-F heterozygote, was re- 
ported with parentally marked  chromosomes, and this 
individual died without producing seed which could 
be progeny tested to verify its susceptibility. I t  is likely 
that this individual was not  a true susceptible, since 
the Rpl-F phenotype can be difficult to score  unam- 
biguously. In one of the  heterozygotes  analyzed, Rpl- 
DIRpl-F, both  nonparental combinations of flanking 
markers were obtained, indicating that mispairing and 
recombination  had  occurred. The propensity of de- 
rivatives from both R p l  homozygotes and heterozy- 
gotes  to exhibit flanking marker  exchange indicates 
that recombination at  Rpl generally results from in- 
terchromosomal events. This varies somewhat from 
what has been observed at  the A and  R loci of maize 
(LAUGHNAN  1961; ROBBINS et  al. 1991). Both  loci 
have alleles  which carry  duplicated sequences capable 
of mispairing and  recombination, and derivatives with 
altered  patterns of pigmentation are often associated 
with recombinant flanking markers. Both loci, how- 

ever, have complex alleles in which derivatives that 
are not associated with flanking marker  exchange 
(NCO types) make up nearly 50% of the total deriva- 
tives (LAUGHNAN  196  1; ROBBINS et al. 1991). The 
mechanism by which the  NCO derivatives arise is not 
known. Possibilities include  mutation,  intrachromo- 
soma1 recombination and gene conversion following 
mispairing. Intrachromosomal recombination and 
gene conversion between tandem  repeats have been 
documented in Drosophila (PETERSON and  LAUGHNAN 
1963; HIPEAU-JACQUOTTE, BRUTLAG and  BREGEGERE 
1989)  and yeast (MALONEY and FOCEL 1987;JACKSON 
and FINK 1985). NCO-type derivatives from  the R 
locus do not  appear  to have lost a copy  of the dupli- 
cation; this indicates an absence of intrachromosomal 
events such as unequal sister chromatid  exchange or 
intrachromatid  recombination which  would result in 
deletion of a copy  of the duplication (ROBBINS e t  al. 
1991).  It is not clear whether NCO derivatives from 
complex alleles of the A locus  have  lost a copy  of the 
duplication. 

The unequal crossing over model in Figure 2 as- 
sumes that  the unstable Rpl area genes lie on  the 
duplicated sequences which mispair. An alternative 
model is that  Rpl-J and RPl-G do not lie on  duplicated 
sequences but  are flanked by repetitive sequences 
which can mispair and recombine. This type of recom- 
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Parents Susceptible progeny 
I I I  IKb  
1 2  3 4 5 6 7 8 91011121314 

423 

4 9.4 

B 

* *  

4 9.4 

4 6.6 

4 4.4 

4 2.3 

FIGURE 1 .-Southern  blot  analysis to determine flanking marker 
combinations of susceptible progeny derived from test  cross popu- 
lations of Rpl-G. DNA from susceptible Rpl-G individuals was 
digested with EcoRI and probed with either  the distal RFLP marker, 
Ri\r1J.04 (A) or the proximal RFLP marker, KSU3a (B). Lanes: 1) 
tester  parent, H95; 2) line C p ;  3) line GI; lanes 4-14 are the 
susceptible progeny numbers (listed in Table 2) 1,  2, 3, 4, 12. 13, 
14, 1.5. 16, 17, 18, 19. respectively. 

bination has been documented at a number of human 
loci (HORSTHEMKE, BEISIEGEL and  DUNNING  1987; 
/\RIGA, CARTER  and DAVIS 1990; Hu, RAY and WOR- 
TON 199 1 ; NICHOLLS, FISCCHEL-GHODSIAN and HIGGS 
1987)  and  at  the white locus  of Drosophila (GOLDRERG 

P t  al. 1983). While mispairing and recombination be- 
tween dispersed repeated sequences are  thought to be 
important i n  the  creation of the initial duplications of 
complex loci  (Got-DRERG et al. 1983; TSUROTA et al. 
1989).  these are thought to be rare events. The high 
frequency of unequal crossing over in the Rp1 area, 
therefore,  argues against this model. Moreover,  the 
high rate of intragenic recombination observed at loci 
such as waxy or bronze 1 (DOONER 1986; NELSON 1962) 
indicates that most recombination in the maize ge- 
nome lies  in low copy sequences. The only example 
o f  unequal crossing over in maize in which derivatives 
have been analyzed at  the molecular level is the R 

FIGURE 2."An unequal crossing over model (modified from 
DOONER and KERMICLE 197 1 )  which explains the instabilitv in the 
R p l  region. The large arrows represent direct repeats carrving the 
RpI alleles. NP1422 and RNL3.04 are the flanking RFLP markers 
used to assay recombination. Possible mispairing configurations and 
unequal exchanges are shown. The result of such exchanges w i l l  
produce susceptible individuals that do not bear detectable R p l  
alleles and have either of  two  possible combinations of recombinant 
flanking markers. The model may be an oversimplification  of the 
structure of the RpI area in at least some  maize  lines  since  some 
lines mav carrv more than two  copies  of the duplication. 

locus (RORRINS et al. 1991). Molecular  analysis indi- 
cated  that most  of the unequal recombination events 
occurred intragenically. Another indication that Rpl 
instability results from exchange between sequence 
duplications is that recombination studies have indi- 
cated that  the Rpl area  carries  more than a single 
disease resistance locus, some of  which (e.g., Rp5,  Rpl- 
G )  are easily separable by recombination. Complex 
disease resistance loci  which carry multiple genes may 
provide crucial variation to plant species  which are 
coevolving with biotrophic pathogens. Multiple genes 
can be combined in a single haplotype and new com- 
binations can be generated by recombination. In  ad- 
dition, mispairing and  intragenic recombination may 
add to  the arsenal of resistance genes by generating 
novel genes. 

The unusually high level  of  instability  of RpI-G 
indicates that these duplicated sequences recombine 
frequently. Our frequency of susceptibles with recom- 
binant flanking markers was 3.2 X lo-'. The recip- 
rocal  class of recombination events, those with two 
copies of RpI-G, was not detectable in our assay. In  
addition, since a homozygote was used in the experi- 
ment, mispairing is required  for  the recombination 
event to be observed. Furthermore, if the duplication 
that  carries  the Rpl-G genes is involved in the recom- 
bination event, not all crossovers will be detectable, 
depending on the proximity of the crossover to the 
Rp1-G gene  carried on the duplication (Figure 2). 
Since the  number of duplicated sequences adjacent to 
Rp1-G, and  the frequency in which  they  freely  mispair 
is not known, it is impossible to estimate the genetic 
size of the duplications. Collectively, they appear to 
span over  one half a map unit or more of recombina- 
tion in the  current  population. 
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The variable frequencies of instability in different 
RPI-G homozygote and heterozygote populations is 
particularly interesting. As stated  above, the fre- 
quency of susceptible individuals in progeny of RpI- 
G homozygotes varies from 1.8 to 6.8 x The 
frequency from heterozygotes in  which Rpl-G was 
one of the  parents is also  very variable (1.8 X 1 O-' to 
9 X SAXENA and HOOKER 1968; HULBERT and 
BENNETZEN 1991), and, in some cases, may be lower 
than the homozygote frequencies. Only three suscep- 
tible recombinants were observed  from 3450 test cross 
progeny of an Rpl-GIRpS heterozygote (M. A. SU- 
DUPAK and S. H. HULBERT, unpublished data). Since 
Rpl recombination and instability requires  interchro- 
mosomal crossover events, the variable frequency of 
recombination in heterozygotes might be  expected if 
the duplication(s) which mispair and recombine in 
lipl-G homozygotes do not pair as well  with related 
sequences in lines such as the Rp5 line. Similarly, 
differences in recombination  rates  from Rpl homo- 
zygotes may be due to structural  differences  that have 
occurred in the  different Rpl-G stocks. Since unequal 
crossing over  events themselves would alter  the copy 
number of duplications involved, the  structural vari- 
ation  that might inhibit further effective pairing could 
be rapidly generated. 
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