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ABSTRACT

Two sets of overlapping experiments were conducted to examine recombination and spontaneous
mutation events within clusters of resistance genes in lettuce. Multiple generations were screened for
recombinants using PCR-based markers flanking Dm3. The Dm3 region is not highly recombinagenic,
exhibiting a recombination frequency 18-fold lower than the genome average. Recombinants were identi-
fied only rarely within the cluster of Dm3 homologs and no crossovers within genes were detected. Three
populations were screened for spontaneous mutations in downy mildew resistance. Sixteen Dm mutants
were identified corresponding to spontaneous mutation rates of 107 to 10™* per generation for Dml1,
Dm3, and Dm7. All mutants carried single locus, recessive mutations at the corresponding Dmlocus. Eleven
of the 12 Dm3 mutations were associated with large chromosome deletions. When recombination could
be analyzed, deletion events were associated with exchange of flanking markers, consistent with unequal
crossing over; however, although the number of Dm3 paralogs was changed, no novel chimeric genes were
detected. One mutant was the result of a gene conversion event between Dm3 and a closely related
homolog, generating a novel chimeric gene. In two families, spontaneous deletions were correlated with
elevated levels of recombination. Therefore, the short-term evolution of the major cluster of resistance
genes in lettuce involves several genetic mechanisms including unequal crossing over and gene conversion.

LANT disease resistance genes are frequently mem-

bers of multigene families, each member conferring
resistance to a specific strain of the pathogen. Classical
genetic studies conducted in parallel on the plant host
and pathogen have often shown that the interaction
follows a “gene-for-gene” principle: for every resistance
gene in the host, there is a corresponding avirulence
gene in the pathogen (FLor 1956; CruTE 1986). Al-
though molecular studies have shown that the gene-for-
gene interaction is an oversimplification (BISGROVE et
al. 1994; SALMERON ef al. 1994), it remains a useful
predictive model for plant-pathogen interactions. Ge-
netic and molecular analyses of resistance genes have
increasingly demonstrated that the clustering of disease
resistance genes is a common occurrence in plant ge-
nomes (MICHELMORE and MEYERS 1998). Some genes,
such as the L locus in flax, are an allelic series (IsL.Am
and SHEPHERD 1991). More frequently, resistance genes
are located in complex, highly duplicated regions with
multiple genes that are tandemly arrayed and may en-
code resistances to diverse pathogens. The Cf clusters
in tomato, the Mlocus in flax, the Xa21locus in rice, and
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the Dm clusters in lettuce all exhibit this organization
(reviewed in MICHELMORE and MEYERS 1998).

Approximately 20 disease resistance genes, which con-
fer resistance to an array of bacterial, viral, and fungal
pathogens, have been cloned, mostly by transposon tag-
ging or map-based cloning (reviewed in BAKER el al.
1997; HamMmonD-Kosack and Jones 1997; Ervis and
JonEes 1998; MICHELMORE and MEYERS 1998). Nearly
all of these genes are predicted to encode proteins in-
volved in signal transduction and thus are implicated
in pathogen recognition and elicitation of the resistance
response. These proteins and their corresponding genes
can be categorized according to the structural motifs
that they contain (BAKER et al. 1997; HAMMOND-KOSACK
and JoNEs 1997). By far the most prevalent group is
the class encoding a nucleotide-binding site (NBS) and
leucine-rich repeats (LRRs; MEYERS et al. 1999). This
class includes, among others, the N gene from tobacco
(WHITHAM et al. 1994), the L6 gene from flax (Law-
RENCE ¢t al. 1995), the I2 gene from tomato (ORI et al.
1997), the Arabidopsis genes RPM1, RPS2, and RPP5
(BENT et al. 1994; MINDRINOS et al. 1994; GRANT et al.
1995; PARKER et al. 1997), as well as the Dm3 gene from
lettuce (MEYERS ef al. 1998a; K. SHEN and R. MICHEL-
MORE, unpublished results).

Avvariety of genetic events have been observed at resis-
tance gene loci in plants (ELLis e/ al. 1997; HULBERT
1997; MicHELMORE and MEYERS 1998; RoNALD 1998).
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Both unequal crossovers and gene conversion have been
correlated with meiotic instability and novel resistance
specificities at the RpI locus in maize (SUDUPAK el al.
1993; Hu and HULBERT 1994; RICHTER et al. 1995).
Unequal intragenic recombination in the LRR-encod-
ing portion of the gene was also implicated in losses of
resistance at the M locus in flax and the RPP5 locus in
Arabidopsis (ANDERSON et al. 1997; PARKER et al. 1997).
Sequence analyses suggested that recombination or
gene conversion had produced chimeric genes in the
Cf-4/9 and Cf-2/5 clusters in tomato (PARNISKE el al.
1997; D1xoN et al. 1998; PARNISKE and JoNEs 1999), the
Xa2lI cluster in rice (SONG et al. 1997), the Dm3 cluster
in lettuce (MEYERS et al. 1998a), as well as the Arabi-
dopsis RPPS and RPP5 clusters (MCDOWELL et al. 1998;
NOEL et al. 1999). Sequence analysis also provided evi-
dence that transposition was involved in the evolution
of the Xa21 cluster (SONG et al. 1997). These data led to
a model of resistance gene evolution in which unequal
crossing over and gene conversion are the major genetic
mechanisms leading to the generation of new resistance
specificities. Clusters of resistance genes are postulated
to be dynamic, unstable arrays of related sequences (ELLIS
et al. 1997; HULBERT 1997).

However, comparative sequence analyses of several
loci suggested that resistance genes are evolving slowly
and that the structure of some resistance clusters may
be fairly stable. Complete sequencing of the resistant
and susceptible haplotypes of the Plo locus in tomato
revealed a conserved structure with obvious orthologous
relationships (D. LAVELLE and R. MICHELMORE, unpub-
lished results). At the Pto, Cf, Xa2l, and Dm3 clusters,
orthologs are more similar than paralogs and there is
little evidence for the sequence homogenization that
frequent crossovers between paralogs and gene conver-
sion would produce (PARNISKE et al. 1997; MEYERS et
al. 1998b; D. LAVELLE, unpublished data; S.-S. Woo,
unpublished data). Comparisons of sequences flanking
the RPM1locus in Arabidopsis also led to the conclusion
that resistance genes are evolving slowly (STAHL et al.
1999). In addition, nonsynonymous (K,) to synonymous
(K) nucleotide substitution ratios of LRR-encoding por-
tions of genes in the Cf4/9, Xa2l, RPPI, RPPS, RPP5,
and Dm3 clusters are all >1 (BOTELLA ef al. 1998; PAR-
NISKE et al. 1997; McDOWELL et al. 1998; MEYERS el al.
1998b; MICHELMORE AND MEYERS 1998; WANG et al.
1998; NoOEL et al. 1999). Together these data suggest
that diversifying selection acting in concert with random
mutation on individual genes may be more important
than sequence exchange between paralogs in generat-
ing new resistance specificities. This led to an alterna-
tive model that resistance genes evolve mainly through
divergent selection and a “birth-and-death” process
(MicHELMORE and MEYERS 1998), similar to the evolu-
tion of vertebrate MHC genes (NEI et al. 1997). Genes
are continually “born” via duplication events and either
are maintained in the genome through evolutionary

time or “die” via deletion or mutational events. These
two models of resistance gene evolution are not mutu-
ally exclusive. The Cf-4/9, Xa21, RPP5, RPPS, and Dm3
loci provide evidence for a variety of genetic events;
however, the relative importance of recombination, con-
version, transposition, and divergent selection may dif-
fer over evolutionary time, for different resistance gene
clusters, or for plant species exhibiting different mating
systems.

The interaction between lettuce, Lactuca sativa, and
the obligate biotrophic fungus, Bremia lactucae, the
causal agent of lettuce downy mildew, has been studied
extensively. Classical genetic analyses have demon-
strated at least 15 dominant, single genes for resistance
to downy mildew (Dm genes) located in at least three
major clusters in the lettuce genome (FARRARA and
MICHELMORE 1987; BONNIER ¢t al. 1994). Over 100 addi-
tional resistance specificities have been identified (Nor-
wooD ¢t al. 1981; FARRARA and MICHELMORE 1987; BON-
NIER et al. 1992), but only a few have been genetically
characterized (BONNIER et al. 1994; MAISONNEUVE et al.
1994). Dm3, which is located in the largest cluster, has
recently been cloned by a combination of map-based
cloning and a candidate gene approach using PCR with
degenerate oligonucleotide primers (MEYERS el al
1998a,b; SHEN et al. 1998; K. SHEN and R. MICHELMORE,
unpublished results). Dm3belongs to a multigene family
of resistance gene candidate (RGC) sequences, the
RGC2 family, that encodes members of the NBS-LRR
class of resistance proteins (reviewed in BAKER et al.
1997; HammonD-Kosack and Jones 1997; Erris and
JonNEs 1998; MEYERS et al. 1999). Family members are
interspersed throughout the region surrounding Dm3
and span at least 3.5 Mb (MEYERS el al. 1998a). The
RGC2 family is highly duplicated and complex, con-
taining more than 24 family members that share similar
molecular markers, as well as 53-96% nucleotide se-
quence identity. Mutation and transgenic analyses dem-
onstrated that the family member, RGC2B, encodes Dm3
specificity (MEYERS el al. 1998a; CHIN 2000; K. SHEN
and R. MICHELMORE, unpublished results).

To investigate the roles of recombination, unequal
crossing over, and possibly gene conversion in the evolu-
tion of resistance specificities in the Dm3 cluster, two
sets of overlapping experiments were conducted. The
first experiment involved the examination of recombi-
nation in the Dm3 region over multiple generations. A
large F, population was screened to identify individuals
with recombination breakpoints near Dm3. These indi-
viduals were then further examined with molecular
markers to compile a profile of recombination break-
point patterns in the region. The second experiment
involved the identification and characterization of natu-
rally occurring, spontaneous mutations in Dm resistance
from three different populations of lettuce; F, recombi-
nants from the first experiment were used to derive
one of these three populations. Molecular analyses were
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conducted to determine the genetic changes underlying
the loss of resistance in these spontaneous mutants.

MATERIALS AND METHODS

Identification of recombinant individuals in the Dm3 region:
Two lettuce cultivars, Kordaat (Dml1, Dm3, Dm4) and Calmar
(Dm7, Dm8, Dm13), were crossed and the F¥¢ (Kordaat X
Calmar) individuals selfed to produce a large F, population
in which six Dm genes were segregating. This was the same
cross that was used to produce an intraspecific mapping popu-
lation analyzed by KEsSSELI ef al. (1994). A rapid alkali-treat-
ment method was used to extract DNA suitable for PCR analy-
sis from F, seedlings that were 2-3 wk old (WANG et al. 1993).
Two SCAR (sequence characterized amplified region) mark-
ers, SCV12 and SCI11, were used in a multiplexed PCR to
screen F, individuals for the occurrence of recombination in
the Dm3 region. Data from the intraspecific mapping popula-
tion (KESSELI et al. 1994) indicate that SCVI2is 3.6 cM from
Dm3 and that SCI11 is located 4.9 cM from Dm3, on the oppo-
site side (Figure 1). Both markers are codominant, allowing
the identification of recombinant individuals that had a cross-
over point within an ~8.5-cM interval surrounding Dm3.

Identification of spontaneous mutants in downy mildew re-
sistance: Three populations were screened for spontaneous
mutants.

Population 1: Ff¢ individuals from a cross of the cultivars
Kordaat (DmlI, Dm3, Dm4) X Calmar (Dm7, DmS8, Dml3).
This population was screened for losses of Dml and Dm3
activity. Activity of Dm4 could not be tested in this popula-
tion due to the lack of an isolate with the appropriate viru-
lence phenotype. Activities of Dm7, Dm8, and Dm13 could
not be tested due to unavoidable selfing of the maternal
parent (Kordaat).

Population 2: S, (selfed twice) families of the lettuce cultivar,
Diana (Dml1, Dm3, Dm7, DmS). This population was screened
for losses of all four specificities.

Population 3: F; recombinant-derived families. This popula-
tion was derived by crossing Kordaat X Calmar F, individu-
als, which exhibited recombination events between SCVI12
and SCI11 (identified in the population described in the
preceding paragraph) such that the recombinant allele re-
tained Dm3.

These crosses produced F} progeny (R for recombinant to dis-
tinguish these individuals from the F{° population) with a homo-
zygous region immediately surrounding Dm3, but heterozy-
gous flanking markers (Figure 2). The region of homozygosity
surrounding Dm3 included only those markers that cosegreg-
ated absolutely with Dm3 in the mapping population (OPACIS5,
OPAHI17, OPAMI14, OPJ11, OPM15, OPX11, MSAT15-34, MSATEG,
SCE14, SCK13, and SCMO5; KESSELI et al. 1994) and was desig-
nated the OPACI5-SCMO05 “block” (Figure 1). Eight F} individ-
uals with the appropriate genetic configuration, from three
different crosses, were selfed twice to produce the Fy families
that were screened for spontaneous losses of Dm3 activity.
Population 3 was used to analyze the exchange of flanking
markers and to determine the association between recombina-
tion and spontaneous mutations at Dm3.

To screen for spontaneous Dmmutants, Fi¢seedlings (popu-
lation 1) or 20 to 30 S, or F; seedlings per family (populations
2 and 3) were germinated at 15° in plastic compartmentalized
boxes on filter paper saturated with Hewitt’s solution (HEwITT
1952). Seven days after germination, seedlings were inoculated
with either a single or a pool of B. lactucae isolates capable
of detecting one to four Dm specificities of interest in that
population (Table 1). Isolates were maintained and their viru-

TABLE 1
Virulence phenotypes of B. lactucae isolates used

Reaction to Dm genes

Dm gene
diagnostic for

Dm2 Dm3 Dm4 Dmé6 Dm7 Dm8 Dml0 Dmll Dml12 Dml3 Dml4 Dml5 Dml6 Dml8

Dml

Origin

Isolate

Dml
Dm3
Dm7
Dm8

California

UK
UK

C83M47
IM25P11

R60
CGl1

Switzerland

Dm3
Dm3
Dm3
Dm3

Australia
Israel

AM
IL4

California

(C99S744
CGH

(+)

(+)

Switzerland

+, profuse sporulation; —, no sporulation; (+), sparse sporulation.
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TABLE 2

Oligonucleotide primers used in PCR and sequencing

Primer Sequence (5" to 3') Purpose

SCVI2T ACCCCCCACTTGTCCTGCAACTTT Identification and analysis of
SCV12U ACCCCCCACTACCATATCAATCTC recombinants and mutants
SCI11U ACATGCCGTGTATTACTCAGAGTT Identification and analysis of
SCI11RT TCTCAAAACAACAGACCAATA recombinants and mutants
SCK13F AAAACCCTAGAACTCATACTTA Analysis of recombinants and
SCKI13R CACGACTTAAATGAAACTA spontaneous mutants
SCE14T3 GAGTTATGTCAGTCGTTATT Analysis of recombinants and
SCE14T7 TAAACTCAGACCGTAAACTT spontaneous mutants
SCMO05U GGGAACGTGTTAATTAGAGATGTA Analysis of recombinants and
SCMO5T GGGAACGTGTGTGTGTATGGATCA spontaneous mutants
MSAT15-3 GTATCACATCCCAAACTCTC Analysis of recombinants and
MSAT15-4 GACAACAAAGTTGAACTGCC! spontaneous mutants
3EXON4C AGTGATTGTGAAGAAGGAAGAA Analysis of recombinants and
5MSATEG6-1 CCCAAGAAGAATCCTACCA spontaneous mutants
RLG2B5-30 GTAAGGAAGATCAGAAGAGACTGTTCACAC Sequencing of dm3s1977
5-2Bintron2 CCCAAGTTTAGTCATCCCACCTCTTTAT

2Bintron2-3end GACCAAGGTTTCTTCCAGGTACCATTTG Sequencing of dm3s1977
2B.3UTRA-B CACCAGTCCACCGACTAGCTAACATCTA

1977CHb5 GCTAGAGAGATAGAAATAGTTGGA Confirmation of dm3s1977
1977CO5 GAAGAGCATGATTATTCTCG conversion event

1977CO3 GTTGCACAAACCAATCTC

Primers for RAPD markers used in analyses (designated by the prefix OP, see text) were supplied by Operon
Technologies (Alameda, CA) and their sequences are not included here.
“ Correction from sequence published in OKUBARA et al. (1997).

lence phenotypes were determined as described previously
(FARRARA et al. 1987). Seedlings were screened for loss of Dm
resistance, as indicated by profuse sporulation from 6 to 14
days postinoculation. F{® and S, mutants (populations 1 and
2) were retested using single isolates to determine which Dm
specificity had been lost. Susceptible seedlings were rescued
by treatment with the systemic fungicide, Ridomil 2E (Ciba-
Geigy Corp., Greensboro, NC), at 50 ppm. Rescued plants
were transferred to soil and grown to maturity in the green-
house and their selfed seed was collected.

Genetic analyses of recombinants and spontaneous dm mu-
tants: Segregation of the mutant originating from population
1 was analyzed in an F, population derived by crossing Kordaat
to selfed individuals that were homozygous for the mutant
allele. Segregation of resistance was scored for the S, and
F; mutant families of populations 2 and 3, respectively. The
stability of mutant phenotypes was confirmed by examining
progeny of mutants after one or two generations of selfing
in all three populations. To determine the number of loci
mutated, complementation tests were conducted by intercross-
ing mutants exhibiting the loss of the same Dm specificity. In
addition, two representatives of a fastneutron (FN)-induced
panel of dm3 deletion mutants, dm3r1208 and dm3r1608, one
FN dm7 mutant, dm7r240 (OKUBARA ef al. 1994; ANDERSON
et al. 1996), as well as a panel of ethyl methanesulfonate (EMS)
mutants representing both dm3 and dm7 (CuiN 2000) were
crossed to the spontaneous mutants. Crosses were also made
to the closely related cultivars, Cobham Green, which has no
known resistance genes, and Diana (Dml, Dm3, Dm7, Dm$),
to determine if epistatic or dominant loci had been affected.
Reciprocal crosses were made in most cases.

Linkage analyses of the recombinants and spontaneous

mutants from population 3 were conducted using formulas
from ALLARD (1956) and the software program LINKAGE-1
(SUITER et al. 1983). The Kosambi mapping function was used
to convert some recombination frequencies to centimorgans
(Kosamsr 1944).

Molecular analyses of recombinants and spontaneous mu-
tants: Extraction of DNA for comprehensive marker analyses
was conducted using a modified cetyltrimethylammonium
bromide protocol (BERNATZKY and TANKSLEY 1986). Flanking
molecular markers assayed on recombinants and mutants in-
cluded randomly amplified polymorphic DNA (RAPDs; WiL-
LIAMS el al. 1990), SCARs (PARAN and MICHELMORE 1993),
and microsatellites (Table 2; OKUBARA et al. 1997; SICARD et
al. 1999). To search for restriction fragment length polymor-
phisms (RFLPs), Southern blot analyses were conducted ac-
cording to standard protocols (SAMBROOK et al. 1989), using a
variety of restriction enzymes, including HindIII, Acc, BamHI,
Bgll, Neol, Sad, and Scal (New England Biolabs, Beverly, MA),
nylon membrane (Hybond N+, Amersham, Arlington Heights,
IL or GeneScreen Plus, New England Nuclear Life Sciences
Products, Boston, MA), and **P-labeled probes made by the
random-primer method (MultiPrime, Amersham). Several
markers, e.g., MSAT15-34 and NBS2B, represent multicopy se-
quences that identify multiple RGC2 family members; individ-
ual fragments of such markers are indicated by the marker
name followed by a colon and a number, e.g., MSAT15-34: 1,
which is present in Dm3.

Sequencing: Two primer sets, RLG2B5-30/5-2Bintron2 and
RGC2Bintron2-3end/2BUTRA-B (Table 2), were used for am-
plification of Dm3 sequences using long-range PCR. Two sets
of primers were used because the entire gene (~13 kb) could
not be amplified in a single reaction. PCR products were
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amplified from genomic DNA using the polymerases, BIOX-
ACT (Intermountain Scientific Corp., Kaysville, UT) or DNA-
Zyme (Finnzymes, MJ Research, Watertown, MA), which have
3’ to b’ proofreading activity, in two-step PCR: an initial dena-
turation of 94° for 2 min, followed by 15-25 cycles of 92° for
20 sec and 68° for 9 to 11 min, and a final extension of 72°
for 6 to 9 min. Amplification products were sequenced directly
after gel purification using DEAE cellulose membranes (NA45,
Schleicher & Schuell, Keene, NH) or sequenced after subclon-
ing using the TOPO-XL kit (Invitrogen, Carlsbad, CA). All se-
quencing was performed with a dye terminator cycle sequencing
kit and an automated ABI 377 sequencer (Applied Biosystems
Inc., Foster City, CA). Analysis of sequence information was
performed using the software package, Sequencher 3.0 (Gene-
codes, Ann Arbor, MI).

RESULTS

Recombination is infrequent within the Dm3 cluster
when it is heterozygous: A total of 167 recombinant
individuals were identified from an analysis of ~2220
F, seedlings using the codominant SCAR markers,
SCV12 and SCI11, that flank Dm3 (Figures 1 and 2A).
Subsequently, 13 additional RAPD, SCAR, and microsa-
tellite markers, which span the length of the SCVIZ2-
SCI11interval, were assayed on the recombinant individ-
uals to determine the positions of the recombination
breakpoints (Figure 1). The block of markers that in-
cluded OPACI5, OPAH17, OPJ11, SCEI4, SCKI13, and
SCMO5 cosegregated with Dm3 in the original mapping
population; these markers are interspersed throughout
a small region immediately surrounding Dm3 (MATERI-
ALS AND METHODS; Figure 1; KESSELI et al. 1994; MEYERS
et al. 1998a). The two microsatellite markers, MSAT15-
34 and MSATEG, represent sequences within RGC2B,
the Dm3 gene (Figure 3), and are also present in several
other RGC2 paralogs that are distributed within the
OPACI5-SCMO05 block (OKUBARA et al. 1997; MEYERS et
al. 1998a,b; SICARD et al. 1999). The molecular marker
assays indicated that 163 out of 167 recombination
events resolved outside the OPACI5-SCMO05 block.

Only four individuals, C31, C75, C127, and C132, out
of the 167 recombinants were identified that had cross-
over points within the OPACI5-SCMO05 interval produc-
ing recombinant RGC2 haplotypes. The occurrence of
these rare meiotic events could be most easily identified
using MSAT15-34; the recombinants C31, C127, and C132
had nonparental MSAT15-34 haplotypes. C31 and C127
exhibited a deletion of the fragments 3 and 4 from the
parental Kordaat genotype (Figure 4). C132 was missing
fragments 1, 3, and 5 (Figure 4). The recombinant C75
was identified by the presence of all the block markers
except SCEI4. The deletion of multiple markers indi-
cated that all four recombinant individuals had nonpa-
rental numbers of RGC2sequences. All four recombinants
were screened for resistance to the isolate IM25P11, which
is diagnostic for Dm3. Individuals C31, C75, and C127
retained Dm3 resistance, while individual C132 exhib-
ited a loss of Dm3 specificity.

—  SCW09 ss0
4.0 SCV12 OPAC1S s
- 330 OPAH17 s0
‘ OPH13 950 OPAM14 60
—0S—— CL922
OPJ11 2030
1.5 OPAO08 1720
/ OPRI14 560 OPM15 1100
0.8 OPX11 s60
I Dm3 MSAT15-34
20 CL1795 MSATES
h SCE14 1700
19 OPAD191100 SCK13 1200
l SCQOS5 615 SCMOS 380
1.0
SCI11 1200
2.0
OPV02 2030
3.0
OPAB16 1700
Dml1 } '
OPB19 1200
30 OPAMI11 1200
/
15 CL1419
< OPA07 370
OPYO02 1100

FiGUrRE 1.—Genetic map of the major cluster of resistance
genes in lettuce, the Dm1/Dm3 cluster. Column 1 represents
the map with centimorgans noted between markers. OP mark-
ers are RAPDs. SC markers are SCAR markers. CL markers
are RFLPs. MSAT markers are microsatellites. Small numerals
indicate band sizes. The codominant SCAR markers, SCVI12
and SCI11, were used to monitor recombination in a region
surrounding Dm3. Column 2 represents blocks of markers
that cosegregated with Dm3 or DmI in the mapping population
(KESSELI et al. 1994).

After selfing to achieve homozygosity of the recombi-
nant chromosome, Southern hybridization analyses were
conducted on an array of 18 recombinants representative
of the various crossover breakpoints. Several RFLP probes
were hybridized to genomic DNA digested with HindIII,
including NBS2B (MEYERS et al. 1998a; SHEN et al. 1998),
ACI5 (ANDERSON et al. 1996), and 651END (MEYERS et
al. 1998a), which represent sequences in the 5’, middle,
and 3’ regions of RGC2 sequences, respectively (Fig-
ure 3). All three probes hybridized to multiple frag-
ments (~20 fragments) representing the various RGC2
family members and thus allowed the monitoring of
genetic changes occurring throughout the resistance



836

A

111 Dm3 VI2
Kordaat x Calmar cross :1':'____1:
——— L]
Dm3

D. B. Chin et al.

1 Vi2

| ==

Dm3 V12

F,XC€ progeny

==

F, non-recombinant

. R1 &/’ progeny FIGURE-Q.—DeriV'dti()‘n of
F, recombinant progeny F, population screened for re-
A combinants and F; recombi-
- nant families screened for
Drm3 Dm3 Dm3 Dm3 Dm3 spontaneous mutations.
— —— ——— i i — (A) The cultivar Kordaat
Dm3 Dm3 — 1 P (Dml, Dm3, Dm4) was crossed
K’ Dm3 " with the cultivar Calmar
. ey <& (Dm7, DmS8, Dm13) to pro-
B F, recombinant siblings crossed X duce a segregating F, popu-
¢ lation. (B) F; recombinant
AL siblings were crossed to pro-
- ™~ duce F} individuals (R for
Dm3 D;ln3 Dm3 recombinant) in which Dm3
S - — — was homozygous but flank-
-___ * * ——— ing regions were heterozy-
gous. These F} individuals
R . hen selfed twice and
F, progeny with hetero were then :
1P g. y zygous progeny without Fully resistant the resulting population of
flanking markers selfed F Y e S .
g ) R2 mutational events F; families F; families phenotypically
screened for spontaneous
o A ~ mutations in Dm3 specificity.
dm3 dm3 dm3 dm3 dm3 The SCAR markers, SCVI2
F, progeny with — * * — * and SCI11, were used to
spontaneous | monitor recombination in
mutational Dm3 Dm3 Dl 3 Dm3 the region over multiple
p . The region of
(SM) events generations gion
(associated with exchange $> R3b ® R3c ($) R3d ® ® R3e homozygosny. sprroundmg
of flanking markers) Dm3 was delimited by the
Dm3 Dm3 Dm3 Dm3 Dm3 block of markers containing
- -—1 —| — [ Qe OPAC15, OPAHI17, OPAM]I4,
-1 ——| — -l | OPJ11, OPM15, OPX11, SCE14,
Dm3 Dm3 Dm3 Dm3 Dm3 SCK13,and SCMO5 (Figure 1).
. dm3 dm3 Recombination rates (R1, R2,
F; families d’:’g ;:’ : d;'l:ﬁ dm3 R3a-g) experienced during
segregate » ——— —— —* the various meioses were
for resistance -Dm 3 Din3 D3 ‘—5'7;3_ -5’{;“3— tabu)lated in Table 5 (see
text).
dm3 am3 dm3 dm3 dm3
- - : =
dm} dm3 dm3 dam3 dm3
SM F, _» dm3s1180  dm3s3049  dm3s7241 dm3s3780

families identified

gene cluster. Each probe detected diagnostic banding
patterns for the parents, Kordaat and Calmar. These
fragments were coinherited in 14 out of the 18 F,5 prog-
eny as parental haplotypes, with progeny exhibiting ei-
ther the Kordaat or Calmar haplotype. The four recom-
binant individuals, C31, C75, C127, and C132, exhibited
banding patterns that were either a combination or a
subset of the two parental haplotypes (Figure 5), provid-
ing further evidence that rare recombination events had

<$>R3f

@

occurred within the RGC2 cluster. The recombination
breakpoint data of these four individuals for both the
RFLP and PCR-based markers were consistent with the
deletion breakpoint map previously generated for the
region (Figure 6; ANDERSON et al. 1996; MEYERS et al.
1998a). Although the crossovers did not apparently gen-
erate chimeric RGC2 genes (see below), the deletion of
multiple markers indicates that these events did alter

RGC2 copy number (Figure 5).



Recombination and Mutation in Lettuce 837

MSATE6.3 Frcure 3.—Structure of Dm3
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Twelve additional unique restriction endonuclease/
probe combinations were used in Southern analyses on
the four recombinants with breakpoints within the RGC2
cluster (data not shown). No novel fragments were de-
tected relative to the parental Kordaat and Calmar hap-
lotypes. Because the majority of RGC2homologs resided
on unique RFLP fragments, the lack of novel fragments
indicated that the recombination events within the clus-
ter did not resolve in or near RGC2 genes. Although it is
possible that recombination between two closely related
homologs would not produce changes detectable by a
single probe or restriction enzyme digest, no changes
were detected by any of the probes or enzymes used.
Therefore, there was no evidence for the generation of
chimeric RGCsequences and the recombination events
must have resolved in the noncoding regions between
the homologs rather than within the genes.

An estimate of the physical size of the SCVI2-SCI11 in-
terval was unavailable and thus an estimation of the rela-
tionship between physical and genetic size for this interval
could not be calculated. However, the physical size of the
region immediately surrounding Dm.3, the OPACI5-SCMO05
block, has been estimated to encompass at least 3.5 Mb,
based on a partial bacterial artificial chromosome (BAC)
contig tiling path, average spacing between RGC2 fam-
ily members, and high molecular weight DNA analyses
(MEYERS et al. 1998a; CHIN 2000). The four recombi-
nants identified from ~2220 screens of F, individuals
represented a genetic distance of 0.15 cM. Therefore,
the ratio of physical to genetic distance was estimated to
be 23.3 Mb/cM (3500 kb/0.15 cM), in comparison to an
estimated genome-wide average of 1.28 Mb/cM [2500 Mb
(ARUMUGANATHAN and FARLE 1991) /1950 ¢cM (KESSELI
et al. 1994)]. Therefore, the RGC2 cluster is not highly

1977CHS 1977C0O3

[I]] = leucine-rich repeat encoding region

== = intron or non-coding sequence

family members (Figures 5, 6,
and 8). Position of microsatel-

> lite markers, MSAT15-34 and
1977C0O5 MSATEG, and primers used in
PCR and sequencing are indi-
cated as arrows. These two mi-
crosatellite markers also repre-
sent multicopy markers that
are present on several RGC2
family members (Figures 4, 6,
and 7). The position and
length of the converted region
in the spontaneous mutant,
dm3s1977, is indicated as a
dashed bar.

recombinagenic; in fact, recombination in the OPACI5-
SCMO5 interval is 18-fold less in the pairing of Calmar
and Kordaat haplotypes, relative to the genome average.

Rates of spontaneous mutation in homozygous Dm
genes differ: A total of 15 new mutants were identified
from the three populations screened for spontaneous
losses of Dm resistance (Table 3). The Ff° seedlings of
Kordaat (Dml1, Dm3, Dm4) X Calmar (Dm?7, DmS8, Dm13)
yielded 1 dm3 mutant out of ~5500 individuals screened
(population 1). No spontaneous mutations at DmI were
identified in this screen, although 1 mutant had been
identified in a previous screen of ~3000 individuals
(OKUBARA et al. 1994). The S, families of Diana (Dml,
Dm3, Dm7, Dm8) yielded 7 dm3 mutant families (includ-
ing the 2 reported in ANDERSON et al. 1996) and 3
dm?7 mutant families out of ~11,000 families screened
(population 2). No spontaneous mutations at either
Dm1or Dm8were identified in this screen. The F3 recom-
binant families, which were screened only for dm3 muta-
tions, yielded 4 mutant families out of ~8000 families
screened (population 3).

Dm loci differ in their meiotic stability. Both Dm3 and
Dm7undergo spontaneous mutations at a rate of ~107*
mutations per locus per generation, which is high rela-
tive to most other types of genes (DRAKE et al. 1998),
but similar to rates observed for the RpI locus in maize
(BENNETZEN ¢f al. 1988; HULBERT 1997). The combined
F¥¢ data (population 1) indicate that DmI has a similar
mutation rate; however, no DmI mutants were observed
in the S, population (population 2). These spontaneous
mutations occurred in meioses involving genotypes that
were homozygous for the entire genome (the parents
of populations 1 and 2) or for the region immediately
surrounding the Dm3 gene (population 3). No sponta-
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F1GURE 4.—MSAT 15-34 genotype of selected recombinants
in Dm3 region. MSAT 15-34 is a multicopy microsatellite
marker that is represented on several RGC2 family members.
Three recombinants were identified with nonparental MSAT15-
34 genotypes or deletions of various copies. C31 and C127
were missing bands 3 and 4 from the Kordaat genotype. C132
was missing bands 1, 3, and 5. C75, which is not shown, exhib-
ited no deletions. Band 2 is present only in the Diana genotype
and is not shown here. Bands not indicated with arrows repre-
sent “stutter” bands, which are an artifact of the amplification
of the repeated array by PCR with Tag polymerase.

neous mutations of Dm& were found; therefore, this
locus appears to be more stable relative to the other
Dm loci tested.

Mutations are single locus, recessive, and stable: Selfed
progeny from all mutants identified from the three pop-
ulations were retested with the appropriate fungal iso-
lates. The mutant phenotypes for all progeny were con-
firmed (Table 4). Segregation of resistance was examined
to determine the inheritance of the mutant phenotypes.
None of the segregation ratios deviated significantly from
the expected ratio of 3 resistant:1 susceptible (Table 4).
Thus, in all the spontaneous dmmutants identified, suscep-
tibility segregated as a recessive, stable trait at a single locus.

To test for allelism, independent spontaneous mu-
tants that exhibited a loss of resistance to the same
fungal isolate were intercrossed. Additionally, spontane-
ous mutants were crossed with a range of FN-induced
deletion mutants (OKUBARA et al. 1994) and EMS-induced
point mutants (CHIN 2000). All crosses between mutants
exhibiting a loss of the same resistance specificity pro-
duced susceptible progeny, providing no evidence for
intergenic complementation within a specificity group.

C31
C127
C132
Calmar
Kordaat

- 1kb

F1GUure 5.—Southern hybridization of 651END on selected
recombinants in the Dm3region. The probe 651ENDis located
~4 kb downstream of the Dm3 sequence and detects multiple
family members in both parental haplotypes. Each of the re-
combinants, C31, C127, and C132, displayed a banding pattern
that was either a subset or a combination of the two parental
banding patterns, Calmar and Kordaat. Deletions of fragments
indicate losses of the corresponding RGC2 family members.
No novel fragments were detected.

Therefore, lesions had occurred in the same Dmlocus in
both the induced and spontaneous mutant populations.

Additional crosses were made to test for epistasis and
dominant mutations. Spontaneous mutants were crossed
with Cobham Green, a closely related cultivar with no
known Dm genes. All F; progeny from crosses to Cobham
Green were susceptible, indicating that mutations had
not occurred in a locus that was epistatic to the Dm genes.
Mutants were also crossed back to wild-type Diana or
Kordaat. All F, progeny from these crosses were resis-
tant, confirming that the mutations were not dominant.

Spontaneous mutations at the Dm7locus are not asso-
ciated with detectable deletions: The RAPD markers
OPAO1, OPK02, and OPH 14, which span an ~2-cM inter-
val that includes Dm7 (KESSELI ¢f al. 1994; P. OKUBARA,
unpublished results), were assayed in the three dm7 S,
mutants from population 2. All markers were present;
thus no deletions could be detected at this resolution.
The FN-induced dm7 mutants had also showed no de-
tectable deletions (OKUBARA et al. 1994). It is possible
that genes required for viability are tightly linked to
Dm7 and therefore large deletions in this region are
lethal. Due to the lack of additional tightly linked mark-
ers or candidate genes in this region, these mutants
were not studied further.

Most spontaneous mutations at the Dm3 locus exhibit
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TABLE 3

Spontaneous mutants identified in lettuce

Dm No. of
specificities  Total no. of  mutants Mutant
Population Pedigree screened screens identified ID no.
1 Kordaat X Calmar F, Dml 8,500 1 dmle (OKUBARA et al. 1994)
Dm3 1 dm3sF1.2
2 Diana S, Dml 11,000 0
Dm3 7 dm3s218, dm3s285, dm3s365, dm3s1427,
dm3s1977, dm3s2376, dm3s3646
Dm7 3 dm7s 15, dm7s1188, dm7s2330
Dm8 0
3 Kordaat X Calmar F, Dm3 8,000 4 dm3s1180, dm3s3049, dm3s3780,

recombinant derivatives

dm3s7241

deletions: The RAPD markers OPAC15, OPAHI7, and
OPJ11, as well as the SCAR markers SCE14, SCK13, and
SCMO5 (Table 2; Figure 1), were assayed in the 12 spon-
taneous dm3 mutants from the three populations.
Eleven mutants exhibited a deletion of the markers
OPAH17, SCKI13, and SCMO05. The microsatellite mark-
ers MSAT15-34 and MSATEG (Table 2; Figures 1 and 3)
provided greater resolution and identified four types of
deletions (Figures 6 and 7). Eight mutants, dm3s285,
dm3s365, dm3s1427, dm3s2376, dm3s3646, dm3sF1.2,
dm3s3049, and dm3s7241, had the largest deletion and
were missing all of the MSAT5-34 fragments (Figure 7)
and all of the MSATEG6 fragments, except MSATEG6:8
(data not shown). Three of the remaining mutants con-
tained unique deletions (Figures 6 and 7). As with the
analysis of the F, recombinants (above), the deletion of
several molecular markers indicated that mutant haplo-

types contained nonparental numbers of RGC2 homo-
logs. Mutant dm3s1977 had no detectable deletions with
any of the markers.

Southern hybridizations with sequences derived from
Dm3 were conducted to further characterize the dm3
spontaneous mutants. Six unique restriction endonucle-
ase/probe combinations were analyzed that were a sub-
set of those used in the analysis of the recombinants.
Deletions of several of the ~20 RGC2 fragments were
detected in all of the mutants except for dm3s1977
(Figure 8). The Southern analyses were consistent with
the mutant deletion profiles detected by the PCR analy-
sesand the linear order of breakpoints determined from
previous studies of fast-neutron mutants and BACs (Fig-
ure 6; ANDERSON ¢t al. 1996; MEYERS et al. 1998a). None
of these Southern analyses detected any novel fragments
relative to the wild-type haplotype. Thus, although the

TABLE 4

Segregation of resistance in spontaneous Dm mutant families

Population Resistant Susceptible Xfa)*
K X C F, individuals dm3sF1.2° 31 9 0.133
Diana S, families dm3s218 39 16 0.491
dm3s1977 67 27 0.695
dm3s285 30 10 0.000
dm3s365 30 11 0.073
dm3s1427 76 30 0.616
dm3s2376 30 5 2.143
dm3s3646 23 4 1.494
dm7s15 ND ND ND
dm7s1188 27 7 0.274
dm7s2330 13 2 1.089
K X C F; recombinant families dm3s1180 77 27 0.051
dm3s3049 48 15 0.048
dm3s3780 143 33 3.667
dm3s7241 89 24 0.853

ND, not done.
“P(x* < 3.841) = 0.95.

"dm3sF1.2 was crossed to Kordaat and the segregation was checked in the F, generation.
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FIGURE 7—MSAT 15-34 genotype of spontaneous dm3 mu-
tants. The dm3 spontaneous mutants exhibited a variety of
MSAT 15-34 haplotypes, most of which were deletions of vari-
ous sizes. The wild-type parental controls, Diana, Calmar, and
Kordaat are included for comparison. The mutant dm3s3049
is not shown, but exhibited a deletion of all bands.

spontaneous deletion events did change the number of
RGC2 homologs, the deletion breakpoints did not occur
in or near RGC2sequences and the RFLP data provided
no evidence for the occurrence of chimeric RGC2 se-
quences in these mutants. The deletions detected in
these spontaneous mutants can most easily be explained
by the occurrence of recombination and unequal crossing
over. However, the homozygosity of flanking markers in
the eight Ff® and S; mutants from populations 1 and 2
precludes analysis of recombination in these mutants.
Recombination and unequal crossing over are associ-
ated with spontaneous mutation events: To determine
if recombination could be correlated with spontaneous
mutation events, population 3 was derived from F} prog-
eny that were homozygous for the OPACI15-SCMO05 block
of markers containing Dm3, but heterozygous for mark-
ers SCV12 and SCI11 that flank this region (Figure 2).
Four F; mutant families from these F}s were identified
as segregating 3:1 for resistance:susceptibility. The ini-
tial marker analysis unexpectedly demonstrated that sev-
eral of the susceptible F; individuals (dm3 dm3) were
not homozygous for flanking markers SCVI2and SCI11.
Therefore, a total of at least 30 resistant and susceptible
F; individuals from each mutant family were analyzed
with SCVI2 and SCI11 to determine the genotypes of
the F, progenitors (Figure 9C). Recombination events

218
1977
285
365
1427
2376
3646
Calmar
Kordaat
Fl1.2
1180
3780
7241

Diana

11 nﬂllnuno

® "=

F1GURE 8.—Southern hybridization of NBS2B on spontane-
ous dm3 mutants. The probe NBS2B detects multiple members
of the RGC2 family, even in the cultivar, Calmar, which does
not contain any of the Dm genes in the major cluster. All of
the spontaneous mutants, with the exception of dm3s1977,
exhibited a deletion of multiple bands. No mutants exhibited
nonparental bands. dm38s3049 is not shown but exhibited a
deletion pattern similar to that of dm3s7241.

that had occurred during the F} meioses were detected
for the ~8.5-cM interval between SCVI2 and SCI11 for
all four mutant families. The F; genotypes were consis-
tent with recombination events in both FR and F, meioses
and indicated that recombination in the F{ meioses was
associated with the loss of resistance in all four mutant
families. The probability of four spontaneous mutation
events in the SCVI2-SCI11 interval being associated with
recombination events by chance is P < 2.6 X 107° (as-
suming four independent events with a binomial distri-
bution and a recombination rate of 0.04; Table 5).
Therefore the spontaneous losses of Dm3 resistance ap-
parently resulted from deletions that were associated
with unequal crossing over.

Increased recombination frequencies were associated
with some spontaneous mutation events: The recombi-
nation frequencies in the SCVI2-SCI11 interval were ana-
lyzed over four generations during the derivation of
the F; mutant families in order to determine if (1)
homozygosity immediately surrounding Dm3 affected
recombination rates and (2) if the spontaneous muta-
tion events affected recombination rates in the Dm3
region. The frequency of recombination in the original
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A Original Kordaat x Calmar F,XC B F R progenitor with two recombinant
alleles
111 Dm3 V12 111 Dm3 V12
Dm3
C F, progenitors contained recombinant chromosomes with spontaneous mutations.
dm3s1180 dm3s3049 dm3s3780 dm3s7241

Dm3 Dm3 Dm3 Dm3
am3 dm3 dm3 dm3

D Susceptible F; mutant individuals exhibited various chromosome configurations.

dm3s1180 dm3s3049 dm3s3780 dm3s7241
dm3
dm3 dm3 am3
dm3 dm3 dm3
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Ficure 9.—V12/I11 configu-
rations of recombination events in
various generations. (A) The
SCVI12/SCI11 configuration of the
original Kordaat X Calmar F¢ in
which no recombination has oc-
curred. (B) The configuration of
the F} progenitors of population
3, resulting from crosses between
F, siblings with recombination
events on opposite sides of Dm3
(see text and Figure 2). (C) The
deduced SCV12/SCI11 configura-
tions of the F, progenitors of the
four F; mutant families. Recombi-
nation events that occurred in the
meioses of the F} plants resulted
in spontaneous deletions of the
Dm3 gene on that recombinant
chromosome. Note dm3s3780,
which displayed recombination
events in both chromosomes, only
one of which resulted in a dele-
tional mutation. (D) The config-
urations of susceptible F; individu-
als, some of which displayed
chromosomes in which additional
recombination events occurred
during F; meioses. (E) A gel of the
SCV12/SCI11 PCR reactions for
the four mutant F; families. The
various possible configurations for
each family are shown. Parental
genotypes, Kordaat and Calmar,
were included for comparison.
Braces indicate the polymorphic
bands.

F, population of over 2000 individuals (R1, Figure 2A;
Table 5) was 0.039 = 0.003 for the interval SCVI2-SCI11.
This rate represents meioses in which the entire interval
was heterozygous. The frequency of recombination in
288 “recombinant-derived” F, individuals (R2, Figure
2B; Table 5) was slightly higher at 0.044 = 0.009. This
increase was not statistically significant (normal approxi-
mation of the binomial, P= 0.49). A similar recombina-

tion rate of 0.040 = 0.01 was also measured in the non-
mutant F; families (R3a, Figure 2B; Table 5). Therefore
the small region of homozygosity immediately sur-
rounding Dm3 (0.15 cM and ~3.5 Mb, see above; MEY-
ERS el al. 1998a) within the larger heterozygous SCVI2-
SCI11region (3.6 plus 4.9 <M of unknown physical size)
did not significantly affect the recombination frequency.

The recombination rates were also determined for
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TABLE 5

Recombination frequencies in the SCV12-SCI11 interval over multiple generations

No. of No. of Recombination Recombination
Population individuals recombinants frequency’ Standard frequency”
Meiosis” screened” screened identified (observed) error (SE) (adjusted/total)
R1 Original F, 2219 167 0.039 0.003 —
R2 Recombinant F, 288 25 0.044 0.009 —
R3a Resistant F 221 17 0.040 0.010 —
SCVI2-Dm3 Dm3-SCI11*
R3b dm3s1180° 63 2 0.016 — 0.011 0.061
R3c dm3s3049 83 2 0.012 — 0.008 0.046
R3d dm3s7241 35 6 — 0.086 0.033 0.120
R3e dm3s3780 44 12 0.068 0.068 0.027, 0.027 0.14
R3f dm3s7241-F, 48 7 — 0.073 0.027 0.102
R3g dm3s3780-F, 46 8 0.011 0.065 0.011, 0.026 0.087

“See Figure 2 and text.

’Estimated recombination frequencies were calculated using the software program, LINKAGE-1 (SUITER ef al. 1983), and

according to ALLARD (1956).

« Recombination rates were adjusted for those meioses in which recombination could be monitored for only one side of the
SCVI2-SCI11 interval. A total of 26% of the recombinants identified from the R1 meiosis were in the SCVI2-Dm3 interval and
74% were in the Dm3-SCI11 interval. Therefore, R3b and R3c were adjusted by a factor of 3.8, and R3d and R3f were adjusted

by a factor of 1.4.

°All F5 and F, individuals screened for meioses R3b—g were susceptible to B. lactucae isolates containing Avr3.

the four mutant F; families that were derived from meioses
in which one of the Dm3 alleles had previously under-
gone a spontaneous deletion event resulting in hemizy-
gosity at the locus (R3b to R3e, Figure 2B; Table 5).
Three of these families, dm3s1180, dm3s3049, and
dm3s7241, were homozygous at either SCVI2 or SCI11
and therefore recombination could be observed only
on one side of the interval, using Dm3 as one of the
markers. Consequently the recombination frequencies
for the whole interval were inferred by extrapolation
using the relative genetic sizes of the SCVI2-Dm3 and
Dm3-SCI11 intervals (Table 5). Two mutant families,
dm3s1180 (R3b; Figure 2B) and dm3s3049 (R3c; Figure
2B), exhibited recombination frequencies of 0.061 and
0.046, which were similar to R1, R2, or R3a. The two
other families, dm3s7241 (R3d; Figure 2B) and
dm3s3780 (R3e; Figure 2B), exhibited significantly ele-
vated recombination frequencies of 0.12 and 0.14, re-
spectively (Table 5; P = 0.0004 and 0.0002). Recom-
bination in the dm3s3780 family was elevated in both
the SCVI12-Dm3 and Dm3-SCI11 intervals (Table 5). The
extrapolation for the SCVI2-SCI11 interval for the
dm3s7241 family assumes that the recombination rate
is elevated uniformly on both sides of Dm3; however,
even when only the Dm3-SCI11 interval is considered,
the measured recombination frequency is significantly
greater than R1, R2, and R3a for the entire SCVI2-
SCI11 interval (Table 5; P = 0.034). Therefore, the
recombinant haplotypes generated by unequal crossing
over did not significantly decrease recombination but
rather in two families seemed to have stimulated recom-
bination at the Dm3 locus.

The phenomenon of increased recombination in the
dm3s3780 and dm3s7241 families was examined further
in selected F, progeny. Resistant F; individuals that were
hemizygous for the deletion of Dm3 were selfed. Their
F, progeny were screened for susceptibility to the Avr3-
expressing isolate, IM25P11 (Table 1). Recombination
between SCVI2 and SCII1 in four F, families derived
from dm3s3780 was 0.087 (Table 5). Recombination
between SCI11 and Dm3 in four F, families derived from
dm3s7241 was 7.3 ¢M (10.2 cM adjusted for SCI11-SCVI2
interval, Table 5). These rates were lower than those
observed in F; hemizygotes but still significantly elevated
from the other populations. Therefore, the increased
recombination found in the dm3s3780 and dm3s7241
F; families was a repeatable phenomenon that contin-
ued into the next generation.

To determine the position of the crossovers that had
occurred in the F, meioses, susceptible F; individuals
were selfed to obtain F, progeny that were homozygous
for the F; recombination product. Six and 12 susceptible
F; individuals, from the dm3s7241 and dm3s3780 fami-
lies, respectively, were homozygous for the Dm3 deletion
but heterozygous for either SCVI2 or SCI11 (Table 5;
Figure 9D). F, progeny from these 18 F; individuals were
screened with SCVI2 and SCI11 to identify those that
were homozygous for the F, recombination product.
Two homozygous individuals from each family were
then analyzed with the probe NBS2B. For 17 of the 18 F;
individuals selfed, deletion profiles of these F, progeny
were identical to the profiles obtained for susceptible
F; individuals that were homozygous for the Ff recombi-
nation product (data not shown). Therefore, most of
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FIGURE 10.—Southern hybridization of NBS2B on F; dm3
mutants and their F, progeny. The F; dm3 mutants, S27 and
S43, along with their F; progeny (indicated with dashes fol-
lowed by numbers) exhibit the deletion profile found in nearly
all of dm3 spontaneous mutants from the dm3s3780 family,
in which the marker NBS2B:L. (arrowed; Figure 6) has been
deleted. Only the mutant S30 and its progeny exhibit a novel
haplotype in which marker NBS2B:L. has been recovered
through a recombination event in the F, progenitor.

the recombination events in the F, meioses resolved
outside of the region encompassing the cluster of RGC2
sequences, as occurred in the original Ff¢ (see above).
One of the 18 F; individuals selfed contained an addi-
tional marker, NSB2B:L. (Figure 6); this was confirmed
in the next generation because both the F, plants from
this dm3s3780 individual also had NSB2B:L (Figure 10).
Consequently, in this one case, recombination had oc-
curred within the RGC2 cluster and recombination in
the F; meiosis of this individual generated a novel haplo-
type. However, no new restriction fragments were ob-
served with respect to the Kordaat haplotype; therefore,
there was again no evidence for the generation of novel
recombinant RGC2 sequences.

One spontaneous loss of resistance resulted from
gene conversion: The mutant dm3s1977 contained all
the molecular markers screened and therefore exhib-

ited no detectable deletions. The Dm3 allele in this
mutant was sequenced to determine the molecular
changes underlying the loss of resistance. The 5" portion
of the gene was sequenced following amplification of a
Dm3specific fragment of ~4.2 kb that encompassed the
first three exons (Figure 3). Direct sequencing of this
fragment from dm3s1977 detected no changes from the
wild-type Dm3 gene in Diana. The remainder of the
gene was sequenced following amplification of an ~5.1-
kb fragment that encompassed the last four exons (Fig-
ure 3). Sequencing of this 3’ fragment detected an ~1.5-
kb region that did not match the wild-type Dm3 allele.
The divergent region extended from the middle of the
fifth exon (just 3’ of MSATEG6) to the middle of the
sixth exon (Figure 3) and differed from Dm3 at 120
polymorphic sites (Table 6). The divergent sequence
exactly matched the sequence of RGC2C, a closely re-
lated paralog of Dm3 (MEYERS el al. 1998a,b), and can
be explained most parsimoniously as a gene conver-
sion event (as opposed to a closely spaced double recom-
bination event). Precise breakpoints of the conversion
event could not be determined because Dm3and RGC2C
share 81.6% overall nucleotide sequence identity; how-
ever, the breakpoints could be located to an 107-bp
window on the 5" end of the conversion tract and a
70-bp window on its 3" end (Table 6). This conversion
tract encompassed 38% of the C-terminal LRR (275
amino acids of the 721 amino acids in the C-terminal
LRR), altering 9 of the 21 repeats in this region (MEYERS
et al. 1998b).

To confirm that the gene conversion tract in this
mutant was not an experimental artifact, a fragment
specific to the gene conversion event was amplified from
genomic DNA of dm3s1977 using PCR. Primers were
designed to specifically amplify across the breakpoint
of the Dm3 and RGC2C sequences. As a control, an
overlapping pair of primers was designed that amplified
within the converted region from RGC2C (Figure 3;
Table 2). The control primers, 1977CO5 and 1977CO3,
amplified a fragment from the mutant dm3s1977 as well
as from the RGC2Chomolog present in wild-type Diana
(Figure 11). However, PCR using the primers 1977CH5
and 1977CO3 only amplified a fragment from the mu-
tant dm3s1977 (Figure 11). This confirmed the gene
conversion eventin the spontaneous mutant, dm3s1977.

The conversion event in the LRR-encoding region of
the Dm3 gene in dm3s1977 resulted in a loss of the Dm3
specificity, indicating that this region was necessary for
resistance gene function or specificity. This mutant was
therefore tested against a variety of Bremia isolates from
diverse geographical origins, each expressing the Avr3
avirulence phenotype (Table 1). The mutant dm3s1977
was susceptible to all 5 isolates, confirming the specific-
ity of this mutation to the Dm3-Avr3 interaction. Thirty
other isolates, which were virulent on wild-type Diana
and collectively exhibited 13 different virulence pheno-
types, were also tested on mutant dm3s1977; resistance
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Dm3 T ATCAAAGGCCTATCCAACGTGGAGATAAGGCGCTAGGAACTAAGTGGCCGG -+

dm3s1977 ¢ CATGTTCATGGTGGTTTGACCTTCCACTCATAGACTCTTAAGGACTCCCGG - - -

RGC2C ¢ CATGTTICATGGTGGTITGACCTTCCACTCATAGACTCTTAAGGACTCATCACAT

“Dm3 (RGC2B) and RGC2C share 81.6% nucleotide sequence identity (MEYERS ¢t al. 1998a). Only positions
in exon 5, intron 5, or exon 6 that are polymorphic between Dm3 and RGC2C are shown.

"Dm3is used as the reference sequence in numbering base pair positions. Deletions are indicated by dashes.
Breakpoints of the conversion event in dm3s1977 are indicated by arrows.

was not observed to any isolate (S. BRowN and O.
OcHoA, unpublished results). Therefore, there was no
evidence for novel specificities encoded by the chimeric
allele in dm3s1977. The other spontaneous mutants
were not tested against these isolates because they were
deletion mutants and did not display novel RFLP pat-
terns indicative of chimeric genes.

DISCUSSION

Although the clustering of resistance genes is com-
mon in many plant species, the evolution of these gene
clusters remains only partially understood. Comparative
genetic and sequence analyses have identified or sug-
gested the involvement of a variety of genetic events,
including recombination, unequal crossing over, gene
conversion, transposition, and divergent selection (re-
viewed in HULBERT 1997; MicHELMORE and MEYERS
1998; RonaLp 1998). However, the relative importance
of each of these events in the immediate and long-term
evolution of resistance gene clusters is not known. This
article emphasizes genetic analyses of resistance gene
clusters and provides further insights into the roles of
recombination, unequal crossing over, and gene conver-
sion in the short-term evolution of clusters of resistance
genes. Some of our observations are consistent with

conclusions from studies of other loci, while some are
not.

A variety of factors affect recombination and stability
within clusters of resistance genes: The structural and
sequence similarities between haplotypes in a particular
meiotic pairing, as well as the size and complexity of
the region as a whole, will profoundly influence the
genetic behavior of multigene families. Sequence and
structural identity, as occurs when the locus is homozy-
gous, will favor exact pairing and little structural re-
arrangement; however, if there are long stretches of
duplicated sequences, there will be opportunities for
mispairing resulting in further gene duplications and
deletions. Structural heterozygosity between haplotypes
in a particular pairing prevents precise alignment and,
depending on the degree of divergence, will tend to
repress recombination in the region and result in novel
haplotypes whenever recombination does occur within
the cluster. In our experiments, the Dm3 region was
studied in both the heterozygous and homozygous con-
dition.

There is only limited information on the rates of
recombination within clusters of resistance genes. When
the SCVI2-SCI11 interval encompassing the Dm3 gene
was heterozygous in the intraspecific Kordaat X Calmar
F, population, crossovers within the RGC2 cluster were
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Ficure 11.—Confirmation of gene conversion event in
dm3s1977. Three primers were designed that were diagnostic
for the conversion eventin the spontaneous mutant dm3s1977
(Table 2; Figure 3). The primers 1977CO5 and 1977CO3 lie
within the conversion event and are thus amplified from the
family member RGC2Cin all three genotypes: wild-type Diana,
a dm7 Diana EMS mutant, as well as dm3s1977. The primer
1977CHb5, which lies just 5" of the conversion event, was used
in conjunction with 1977CO3; the product of these two prim-
ers was a chimeric sequence of Dm3 and RGC2C and was thus
amplified only from the mutant, dm3s1977. Genomic DNA
was used as template for all samples.

only rarely detected and recombination was suppressed
approximately 18-fold from the genome average. The
RGC2region may be partially hemizygous between Kor-
daat and Calmar; the RAPD and SCAR markers identi-
fied within the OPACI15-SCMO5 block are all linked in cis
with the Dm3 Kordaat allele (ANDERSON et al. 1996) and
the microsatellite markers, MSAT15-34 and MSATEG, as
well as Southern hybridizations with RGC2 sequences,
consistently detected fewer fragments in Calmar than
Kordaat. Such hemizygosity would be expected to pre-
vent pairing within the cluster. Making the OPACI5-
SCMO5 block homozygous (Figure 2) did not result in
a detectable increase in recombination (Table 5). Re-
pression of recombination at resistance gene loci is not
unexpected as many resistance gene-containing regions
have been introgressed from other species and there-
fore represent divergent haplotypes (CrRUTE 1988).
There was a 10-fold reduction of recombination in a 240-
kb region surrounding the Mila resistance gene cluster
in barley, relative to regions immediately flanking the
cluster (WEr et al. 1999). Recombination was also re-
pressed in chromosomal regions of Lycopersicon esculen-
tum containing Mi (VAN DAELEN et al. 1993) and Tm-2a
(GANAL et al. 1989). Recombination rates could also be
influenced by chromosome position; however, Tm-2a
and Mi are proximal to the centromere while RGC2 and
Mla are telomeric (GANAL et al. 1989; vAN DAELEN et al.
1993; SHEN et al. 1998; WEI et al. 1999). None of these
data indicate that clusters of resistance genes are highly
recombinagenic.

The stability of resistance genes, as evidenced by rare

losses in resistance, has been studied when the resistance
cluster was both homozygous and heterozygous. The
most informative studies are those when the region is
homozygous, as will be the case for most meioses in
inbreeding species such as lettuce, tomato, and Arabi-
dopsis thaliana. The Dm3 cluster was genetically unstable
when homozygous, as evidenced by a high rate of spon-
taneous mutation (107 to 10™* mutations per genera-
tion, Table 3). This mutation rate was comparable to
instability at the RpI cluster in maize (PRYor 1987;
BENNETZEN et al. 1988). The instability of the Dm3 and
Rpl regions contrasts with the stability of the Cf4/9
locus in tomato and the RPP5 locus in A. thaliana when
homozygous (PARNISKE et al. 1997; NOEL et al. 1999).
No mutations were identified at the Cf-9locus in screens
of ~12,000 testcross progeny from homozygous Cf9
plants. Similarly, no susceptible individuals were identi-
fied in screens of ~7500 testcross progeny of RPP5 ho-
mozygous plants. The reasons for such differences in
stability between these loci are not clear. The Dm3, Rpl,
Cf4/ 9, and RPP5 clusters are all duplicated and com-
plex multigene families. The Dm3 locus is the largest,
both in terms of the number of homologs (24+ homo-
logs vs. ~10 homologs at the otherloci) and the physical
size of the cluster (~3.5 Mb vs. ~35 kb and 95 kb
for Cf4/9 and RPP5, respectively; JONES et al. 1994;
PARNISKE et al. 1997; THOMAS et al. 1997; MEYERS et al.
1998a; CoLLINS et al. 1999; NOEL el al. 1999). The Cf
4/9 and RPP5 loci may not be large enough and
stretches of sequence affiliations may be distributed
such that mispairing does not occur when these loci are
homozygous; in contrast, the size and level of duplica-
tion at the Dm3locus may allow occasional misalignment
even when it is homozygous. Thus, the genetic behavior
of a resistance gene cluster may change as its structure
and level of complexity evolves due to genetic re-
arrangements. In particular, recent large duplications
resulting from unequal crossing over would be expected
to stimulate instability in the homozygous condition.
When resistance loci are heterozygous, estimates of
stability as evidenced by losses of particular resistance
specificities will be heavily dependent on the haplotypes
involved, rather than a consequence of the intrinsic
properties of the locus. Precise alignment is impossible
between divergent haplotypes; recombination within a
cluster will always result in nonparental haplotypes,
some of which may lack one or more functional resis-
tance genes. Losses of resistance could also result from
gene conversion events between divergent haplotypes;
however, this would not result in structural rear-
rangements. When Dm3 was heterozygous in the Cal-
mar X Kordaat F, progeny, all recombinant events
within the cluster produced novel haplotypes; three re-
combinants retained Dm3 and one did not (Figures
4-6). Similarly, the five susceptible individuals that were
identified from screens of 7500 testcross progeny of Cf
4/ Cf-9heterozygous plants had nonparental haplotypes
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at the Cf4/9 locus (PARNISKE et al. 1997). Both the
frequency of novel haplotypes as well as losses of resis-
tance should be considered in estimating the instability
of resistance loci when heterozygous. This will reflect
the rates of gene conversion as well as recombination
within the cluster that in turn are consequences of the
structural and sequence similarities between haplotypes.
Furthermore, the mating system of the plant species
will determine how often a resistance cluster is heterozy-
gous. In outbreeding species, heterozygosity will be fre-
quent and haplotypes might be expected to evolve con-
stantly. Conversely, in inbreeding species, such as
lettuce, heterozygosity will occur rarely; however, occa-
sional outcrossing and heterozygosity may have pro-
found consequences for the evolution of the region.

Losses of resistance were due to unequal crossing
over or gene conversion: Eleven of the 12 spontaneous
losses of Dm3 specificity were due to deletions. Interest-
ingly, all of the deletions appeared to terminate in a
similar region at one end and 8 of these 11 events had
the same large deletion (Figure 6). These 8 events were
derived from each of the three populations that were
screened for spontaneous mutations in three different
years. In the one population in which recombination
of flanking markers could be monitored, spontaneous
deletion events were associated with recombination,
thereby implicating unequal crossing over as the mecha-
nism responsible for all of the deletions. The distribu-
tion of deletion profiles may reflect a pattern of se-
quence duplication within the locus that favors a
particular misalignment or resolution of crossover
events. The gene density in the region is low and individ-
ual RGC2 genes are separated by an average of 145 kb
(MEYERS et al. 1998a). As with the spontaneous Cf-9
mutants in tomato (PARNISKE ¢ al. 1997), the break-
points in novel RGC2 haplotypes were between rather
than within RGC2 genes. This suggests that the cross-
overs are not occurring, or at least not being resolved,
within genes.

In the one spontaneous mutant that exhibited no
deletions, sequencing of the dm3 allele revealed that
gene conversion was probably responsible for the loss
of specificity. Sequence exchange between Dm3 and
RGC2C necessitates pairing between sequences with
82% nucleotide identity. This alignment of Dm3 with
RGC2Cwould have also paired the neighboring regions
containing RGC2D and RGC2[ with those containing
RGC2S and RGC2J;, these pairs of RGC2 sequences
shared 82 and 92% nucleotide identity, respectively
(Figure 6; MEYERS et al. 1998a). The regions on either
side of the RGC2D/S to Dm3/RGC2C segments con-
tained more divergent pairs of RGC2 sequences.

The relationship between rearrangements at the locus
and the evolution of new resistance specificities: No
chimeric RGC2 genes were observed as the result of
recombination between divergent Dm3 haplotypes or as
the result of unequal crossing over. This contrasts with

the analyses conducted on mutants at the RpI-D locus
in maize, in which the majority of mutations involved
recombination within or close to coding regions of
RpI-D homologs (CoLLINS et al. 1999). The Southern
analyses of the Dm3 mutants utilized seven different
restriction endonucleases with multiple probes and
thoroughly sampled the RGC2 genes as well as the re-
gions immediately adjacent to them. No novel fragments
were observed. Recombination and unequal crossing
over produced changes in the number of Dm3 paralogs
but did not generate chimeric genes. Therefore, consis-
tent with the birth-and-death model for resistance gene
evolution (MICHELMORE and MEYERS 1998), the pre-
dominant role of unequal crossing over may be in creat-
ing changes in copy number, rather than generating
chimeric genes with new resistance specificities. Un-
equal crossing over may, however, affect the evolution
of new specificities by generating gene duplications.
Assays for spontaneous losses of resistance can detect
only one of the products of unequal crossover events.
The reciprocal products that contain the duplicated
segments could be templates for divergent selection and
thus potentially lead to novel resistance specificities
(MicHELMORE and MEYERsS 1998).

One spontaneous mutation event generated a chime-
ric RGC2 gene, most likely through gene conversion.
Comparative sequence analyses of the Cf-4/Cf-9, Xa2l,
L, RPP5, and RPPS loci all suggest similar exchanges
of sequence information between paralogs, either by
recombination or gene conversion (PARNISKE et al.
1997; SONG et al. 1997; McDOWELL et al. 1998; ELLIS et
al. 1999; NOEL et al. 1999). Analyses of the Pto and
RGC2 loci provided similar evidence (D. LAVELLE and
R. MICHELMORE, unpublished results; H. KUANG, E. NEVO
and R. MICHELMORE, unpublished results). However,
it is unclear on what timescales these exchanges have
occurred. Our data suggest that sequence exchange be-
tween paralogs may be rare and further support the
predictions of the birth-and-death model for resistance
gene evolution (MICHELMORE and MEYERS 1998).

In certain cases, the deleted product of unequal cross-
ing over may also increase evolutionary activity of the
locus. Increases in recombination were associated with
two spontaneous Dm3 mutation events in multiple gen-
erations. The recombination rates representing meioses
in the mutant F; families, dm3s3780 and dm3s7241,
were significantly increased ~3- and 3.5-fold compared
to the recombination rates analyzed over three genera-
tions. Itis unclear why this increase occurred. The dele-
tion in dm3s7241 was among the largest observed and
is probably well over 1 Mb; the deletion in dm3s3780
is at least 500 kb (MEYERS et al. 1998a; CHIN 2000). If
recombination is enhanced by the existence of different
gene arrangements or novel haplotypes, then evolution
of resistance gene clusters may be a punctuated process,
with periods of relative stability interspersed with bursts
of instability stimulated by unequal crossing over.
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Future studies: The majority of studies on resistance
gene evolution, including our experiments, have in-
volved the analysis of one or a few haplotypes. The
picture emerging from these analyses is complex. How-
ever, it is becoming increasingly evident that stability
and recombination activity at resistance gene clusters
are heavily dependent on several parameters including
the size and complexity of the locus, as well as the
structural and sequence similarities between the haplo-
typesin a particular pairing. Itis now necessary to extend
these analyses to include a greater range of haplotypes
and haplotype pairings. We are currently generating
progeny from crosses between genotypes with varying
levels of diversity; these involve naturally occurring hap-
lotypes or FN-induced deletions of Dm3 (OKUBARA et
al. 1994; ANDERSON et al. 1996). These progeny will be
analyzed to determine the effects of haplotype diversity
and the presence of deletions on recombination fre-
quencies, instability at the locus, and the generation of
chimeric resistance genes.
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