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Abstract

Key message This manuscript provides genome-level
analysis of disease resistance genes in four maize lines,
including studies of haplotype and resistance gene num-
ber as well as selection and recombination.

Abstract The Rpl locus of maize is a complex resistance
gene (R-gene) cluster that confers race-specific resistance
to Puccinia sorghi, the causal agent of common leaf rust.
Rpl NB-LRR disease resistance genes were isolated from
two Rpl haplotypes (HRpI-B and HRpI-M) and two maize
inbred lines (B73 and H95). Sixty-one Rpl genes were iso-
lated from RpI-B, RpI-M, B73 and H95 with a PCR-based
approach. The four maize lines carried from 12 to 19 RpI
genes. From 4 to 9 of the identified Rp/ genes were tran-
scribed in the four maize lines. The Rp/ gene nucleotide
diversity was higher in HRpI-B and HRpI-M than in B73
and H95. Phylogenic analysis of 69 Rpl genes revealed
that the Rpl genes maintained in HRpI-B, HRpI-M and
HO95 are evolving independently of each other, while Rp/
genes in B73 and HRpI-D appear more like each other than
they do genes in the other lines. The results also revealed
that the analysed Rp/ R-genes were under positive selec-
tion in HRpI-M and B73. Intragenic recombination was
detected in Rp/ genes maintained in the four maize lines.
This demonstrates that a genetic process that has the poten-
tial to generate new resistance genes with new specificities
is active at the Rp/ locus in the four analysed maize lines
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and that the new resistance genes may act against newly
arising pathogen races that become prevalent in the patho-
gen population.

Introduction

One vital trait that affects all plants grown in agricultural
or natural environments is their ability to withstand dis-
ease. Plants have evolved several mechanisms of protec-
tion in response to pathogen infection. The plant defense
response is one of these systems and involves an elaborate
induction process following plant recognition of a pathogen
avirulence gene product by a plant resistance gene product.
The most abundant resistance genes are those that encode
proteins with nucleotide binding site (NB) and leucine-rich
repeat (LRR) domains (Bent 1996; Hulbert et al. 2001).
To date, about three-fourths of the plant disease resistance
genes that have been cloned are from this class. Several
conserved motifs are maintained in the NB domain and are
responsible for nucleotide binding and initiating a signal
transduction cascade to activate plant defenses (Tameling
et al. 2002). The LRR region is typically involved in pro-
tein—protein interactions and pathogen recognition specific-
ity (Leister and Katagiri 2000; Dangl and Jones 2001; Jiang
et al. 2007).

Despite these defenses, the pathogen’s ability to change
or lose avirulence genes renders the genes unrecognizable
by the corresponding plant resistance gene protein, result-
ing in plant susceptibility. Therefore, the plant population
must be able to produce new specificities in response to
the changing pathogen to protect themselves and survive.
More than 20 maize resistance genes were identified as Rp
loci during the 1960s (Hooker and Russell 1962; Hagan
and Hooker 1965; Saxena and Hooker 1968; Wilkinson and
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Hooker 1968). The majority of these genes mapped to a
region on the short arm of chromosome 10. The Rp/ com-
plex consists of a highly variable cluster of fourteen (RpI-
A to RpI-F and Rpl-H to Rp1-N) NB-LRR genes (Collins
et al. 1999).

Each of these genes represents a gene family that can be
distinguished by the P. sorghi isolates to which it confers
resistance. Extensive genetic and molecular analysis of this
locus has demonstrated that unequal intragenic (new gene)
or intergenic (gene reassortment) crossing over events can
create new resistance specificities (Richter et al. 1995;
Smith and Hulbert 2003, 2005; Smith et al. 2010). There-
fore, Rpl is a classic example of a complex disease resist-
ance locus. New resistance specificities have been selected
in a few other systems. The best characterized system is the
L locus of flax. Variant alleles were first characterized in
flax in the early 1970s and were molecularly characterized
more recently. Similar to the Rp/ locus, it was found that
the new resistances at the L locus were the result of recom-
bination events between the two parental alleles involved
in the cross-over event (Ellis et al. 1999, 2000; Luck et al.
2000). The selection of variants with new resistant pheno-
types from different systems demonstrates the significance
of recombination in creating novel genes or haplotypes
with new resistance specificities.

Comparative analysis of resistance gene family members
has provided evidence that R-genes are subject to positive
selection, particularly in the LRR region. The LRR region
encodes solvent-exposed residues that are predicted to
interact with the corresponding Avr protein in the pathogen
in a direct or indirect manner (Kobe and Deisenhofer 1995;
Hu and Hulbert 1996; Hulbert and Pumphrey 2014). Mon-
dragén-Palomino et al. (2002) demonstrated that selection
has acted to diversify the LRR domain of several groups of
Arabidopsis NB-LRR gene family members (Mondragén-
Palomino et al. 2002). Additionally, comparative analysis
of NB-LRR R-gene family members from tomato, lettuce,
rice and flax has demonstrated that solvent-exposed resi-
dues of the LRRs are hypervariable (Mondragén-Palomino
et al. 2002). This indicates that selective forces imposed by
the pathogen incite allelic diversity (Hulbert et al. 2001;
Zhang et al. 2013; Hurni et al. 2013). For this reason, the
selective advantage of carrying an R-gene and the pres-
sure imposed on the R-gene to diversify depends on the
frequency of the corresponding Avr gene in the pathogen
population. Investigation of R-gene variation patterns has
proven to be a powerful tool to estimate R-gene abundance
and selection pressure.

Molecular analysis of the Rpl locus has contributed
greatly to what is known about complex disease resistance
loci and how they evolve. Analysis of R-genes in previously
uncharacterized Rpl haplotypes will help identify resist-
ance gene haplotypes that will be potentially important
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for the production of disease resistant varieties. The spe-
cific objectives of this study were to analyse the haplotypic
diversity of NB-LRR R-genes in previously uncharacter-
ized Rpl haplotypes and to postulate how these R-genes
evolve. This study describes the diversity and evolution
of Rpl R-genes from three Rp/ haplotypes and two maize
inbred lines. The findings provide insights into Rp/ R-gene
number, transcription and diversity, thus generating a data
resource for future use of this class of genes for improved
maize cultivar performance.

Materials and methods
Plant material

Three Rp! haplotypes (HRp1-B, HRp1-D and HRpI-M) and
two maize inbred lines (B73, H95) were selected for the
analysis. The RpI haplotypes were selected based on resist-
ance specificity and the predicted minimum number of Rp/
genes maintained in each haplotype. The two Rpl haplo-
types (HRp1-B, HRpI-M) differing in resistance specificity
and two maize inbred lines (B73 and H95), were consid-
ered appropriate to generate the crosses needed for detailed
resistance gene characterization, generation of recombinant
haplotypes with new resistance specificities and improved
maize cultivar performance. Additionally, Southern blot
analysis indicated that HRpI-B and HRpI-M carry the few-
est number of Rpl/ genes among the Rp/ haplotypes that
have not been subjected to sequence analysis (Collins et al.
1999). Therefore, HRpI-B and HRpI-M were selected as
additional RpI haplotypes because fewer clones would need
to be analysed to sample all of the Rp/ genes maintained in
each haplotype. The RpI-D haplotype is the best character-
ized RplI haplotype and carries only nine Rp/ genes (Sun
etal. 2001). RpI genes from the RpI-D haplotype were used
in this study for comparative analysis because all of the Rp/
genes from this haplotype have been cloned and character-
ized and are a classic example of a resistance gene fam-
ily. The three RpI haplotypes are in the H95 background,
while many other previously characterized Rp/ haplotypes
are maintained in the B73 background. B73 and H95 are
susceptible to all known P. sorghi isolates and are homozy-
gous recessive (rpl-rpl) at the Rpl locus. Therefore, both
H95 and B73 were selected for this work to analyse the Rp/
genes in the two maize inbred lines. The RpI-B, -D and -M
haplotypes utilized for this work are near-isogenic and carry
a single dominate Rp! gene (RpI-B/Rpi-B; RpIl-D/Rp1-D
or Rpl-M/Rp1-M). Seeds from the five maize lines were
collected and planted in pots in the greenhouse to collect tis-
sue for DNA and RNA extractions. All of the maize lines
were grown in fields with high disease (P. sorghi) pressure
and were maintained in the greenhouse.
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Fig. 1 Rpl gene structure. The line between LRRI and LRRII indi-
cates a 284 bp region that does not conform to the LRR consensus
sequence (x XxLxLx x). Horizontal arrows indicate primer sites and
directionality. The asterisk indicates a stop codon. The vertical arrow
indicates a 79 bp intron in the 3’ untranslated region (UTR)

Genomic DNA and total RNA was isolated from fully
expanded uninoculated second leaf sections collected from
the four maize lines (HRplI-B, HRpI-M, B73 and H95)
using CTAB extraction methods with modifications (Mur-
ray and Thompson 1980) and Life Technologies (Rockville,
MD, USA) Trizol reagent as described by the manufac-
turer, respectively. Four seedlings were collected for each
maize line and combined for DNA and RNA extractions.
The quality of the DNA and RNA samples were assessed
on a 0.5 % agarose gel and the quantity was determined
with the NanoDrop ND-1000 spectrophotometer (Nan-
oDrop Technologies).

PCR amplification and cloning of RpI genes

A PCR-based approach was used to isolate the C-terminal
half of the LRR region (1.0 kb) of Rp/ genes from the four
maize lines. Rpl genes are partially conserved in this region
and highly duplicated allowing for the design of highly con-
served primers that will amplify the majority if not all of
the Rpl genes in a haplotype (Sun et al. 2001; Smith et al.
2004, 2010). This method facilitates high fidelity amplifi-
cation of large target lengths (0.1-48 kb) and has proven to
be very efficient when amplifying the 4 kb coding region of
many Rpl genes (Sun et al. 2001; Smith et al. 2004, 2010).
PCR amplification of genomic DNA templates was performed
with Enhanced DNA Polymerase (Stratagene, La Jolla, CA,
USA) with ~1 min of extension time for every kb of frag-
ment size. All other parameters were performed according
to the manufacturer’s suggestions. The DNAs were ampli-
fied with a conserved primer pair (Forward P19-TTGATAG
GTTGGTTGTAAGTG; Reverse 4890R-CCTGAACTCTG
GAGCTTCAAC) designed from the LRR and 3’ UTR region
(Fig. 1). This region has been used in the design of PCR-based
cloning to characterize R-genes from dicot and monocot spe-
cies (Meyers et al. 2003). The resulting 1.0 kb PCR products
were isolated from a 1.5 % agarose gel, purified with an Inv-
itrogen Quick gel extraction kit (Carlsbad, CA, USA) and
cloned into the Invitrogen (Carlsbad, CA, USA) TOPO TA
cloning vector using the methods described by the manufac-
turer. One library for each Rp/ haplotype (RpI-B and -M) and
maize inbred line (H95 and B73) was generated from each
cloning experiment. Ninety-six to one-hundred-and-ninety-
two clones were sequenced with T3 and T7 primers per gel

purification product using the Big-Dye Terminator v3.1 cycle
sequencing kit (Applied Biosystems), following the manufac-
turer’s protocol. All sequencing was performed at the UGA
sequencing facility.

Analysis of Rpl transcripts

RT-PCR was performed on 500 ng of total RNA isolated
from fully expanded uninoculated second leaf sections
taken from the two Rpl (RpI-B and RpI-M) haplotypes
and two maize inbred lines (B73 and H95) to indentify the
transcribed Rpl genes. Four seedlings collected from each
maize line were combined for RNA extractions. Rpl/ tran-
scripts have been characterized previously from the RpI-
D haplotype. RpI cDNA sequences were amplified using
a StrataScript First-Strand Synthesis System as described
by the manufacturer (Stratagene, LaJolla, CA, USA). Fol-
lowing first strand synthesis with an oligo dT primer, sec-
ond strand synthesis was performed using a primer pair
(4065F-TGCCATGAGCAGAGGATAAGAT/4890R-CCT
GAACTCTGGAGCTTCAAC) designed from a conserved
region among Rpl genes that flanks a highly polymorphic
region at the 3’ end of RpI genes to differentiate between
Rpl sequences (Fig. 1). The primer pair also flanks a 3’
intron for detection of genomic DNA contamination. The
resulting 1.2 kb cDNA product was gel purified and cloned
into the Invitrogen (Carlsbad, CA, USA) TOPO TA cloning
vector. Ninety-six to one-hundred-and-ninety-two cDNA
clones were sequenced from each Rpl haplotype and
maize inbred line with T3 and T7 primers (Table 1). The
PCR amplified genomic and cDNA clones overlap in the
C-terminal half of the LRR region. Therefore, the cDNA
sequences with homology to Rpl genes were aligned to
the Rpl genomic sequences isolated from the Rpl haplo-
types and maize inbred lines to identify the transcribed Rp
genes.

Sequence diversity and recombination analysis

Rpl genomic and cDNA sequences isolated from the two
Rp1 haplotypes and two maize inbred lines were used to
run a BLASTN search against the NCBI non-redundant
database to verify putative homologies to known resistance
genes. Sequences from genomic and cDNA clones were
aligned separately to identify the overlapping region and to
assemble the LRR region of each clone. The LRR region
of each genomic and cDNA clone was aligned to identify
redundant clones, estimate the number of Rp/ genes main-
tained in the four maize lines and determine how many Rp!
gene are transcribed in each maize line. Due to the poly-
morphic nature of the LRR region of Rp/ genes, this region
has been particularly useful when distinguishing between
Rp1 genes and estimating gene number (Smith et al. 2010).
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Table 1 Unique Rp!/ genes and transcribed paralogs identified in five maize lines

Maize line Total clones analyzed Unique Rp/ genes: transcribed Rpl genes Rpl paralog designations

HRpl-B 192 16:8
HRpI-M 96 19:12
B73 96 14:4
HO5 160 12:8
SHRpl-D - 9:7
Total 544 70:39

Rpl-B-pl*, -pl19%, -p24%*, -p27%*, -p28%*, -p35%*, -p36*, -p37*,
-p60, -p61, -p62, -p63, -p64, -p65, -p66, and -p67

Rpl-M-pl#, -p3*, -p4*, -p7*, -p8%*, -p10%*, -p11*, -p14*, -p19*,
-p20%*, -p25*, -p30*, -p60, -p61, -p62, -p63, -p64, -p65, and
-p66

Rp1-B73-p3, -p5, -p6*, -p8, -pl 1, -pl3, -pl6, -pl7*, -pl8*,
-p45%, -p61, -p67, -p71*, and -p73

Rpl1-H95-pl*, -p8*, -p12%*, -pl17*, -p28*, -p29*, -p32*, -p50*,
-p60, -p61, -p62, and -p63

Rpl1-D-pl*, -p2*, -p3*, -p*4, -p5, -p6, -p7*, -p8*, and -p9*

* Indicates transcribed Rp/ paralogs

# Previously characterized Rp1 haplotype

The accuracy and assembly of Rpl sequences were veri-
fied with PHRED and PHRAP bioinformatics tools, respec-
tively (Ewing and Green 1998) as well as BioEdit (Hall
1999). The minimum value for acceptable sequences was
set at 20 (g > 20) for a PHRED quality score, or an accu-
racy of 99.99 % (Ewing and Green 1998). The accuracy of
single nucleotide polymorphisms was further verified by
scrutinizing chromatograms. Additionally, two identical
clones from different PCR reactions were sequenced and
aligned to identify nucleotide polymorphisms introduced
by PCR. Sequences were manually edited when errors
were found to be introduced. The ends of sequences were
trimmed when sequences did not meet the minimum value
for a PHRED quality score (¢ > 20). All sequencing was
performed in the Genomics and Bioinformatics Sequencing
Facility at the University of Georgia.

DnaSP (DNA Sequence Polymorphism) software pack-
age version 5.10.01 (Librado and Rozas 2009) was used
to estimate the sequence diversity of Rpl genes by calcu-
lating the average pairwise difference between sequences,
7 (Tajima 1983) and the number of segregating sites in a
sample, 6,, (Watterson 1975). The latter parameter has
expected values of 4Neu for an autosomal gene of a diploid
organism, where Ne and u are the effective population size
and the mutation rate per nucleotide site per generation,
respectively. Total sequences and silent sites were con-
sidered separately for nucleotide diversity estimates (Lib-
rado and Rozas 2009). The recombination parameter (R)
per gene and between adjacent sites was calculated based
on the average number of nucleotide differences between
pairs of sequences (Hudson et al. 1987). The recombination
parameter (R) has expected values of 4Nr for an autosomal
gene of a diploid organism, where N is the population size
and r is the recombination rate per sequence per gene.

Tajima’s D analysis was performed using DnaSP and
PAML (Yang 1997; Yang et al. 2000) to test for deviations
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from the neutral equilibrium model of evolution. Tajima’s
D is based on the discrepancy between the mean pairwise
differences () and Watterson’s estimator (6,) (Tajima
1989), and was calculated for Rp! genes in each maize line
at all sites and at silent sites separately.

A phylogenetic tree was constructed with Rp/ genomic
sequences by MEGA 5 (Nei 1987; Saitou and Nei 1987,
Tamura et al. 2007, 2011) using the Neighbor-Joining (NJ)
method with distances represented as the number of nucle-
otide differences. One thousand bootstrap replicates were
used to assess the confidence of the phylogeny. Neighbor-
joining tree construction of Rp/ genes from each maize line
facilitated the analysis of sequence diversity and the distri-
bution of Rpl genes into haplotypes. Sequence data from
this article have been deposited in Genbank under acces-
sion numbers: Sequences have seen submitted to Genbank.

Results

Estimate of Rp! genes and transcribed members in the four
maize lines

To estimate the number of Rp/ genes maintained in the
analysed maize lines and to identify the transcribed RpI
genes, two 3’ end primer pairs (P19/4890R; 4065F/4890R)
designed from conserved regions within the C-terminal end
of the LRR domain of characterized Rp/ genes was used
to amplify genomic and cDNA template from HRplI-B,
HRpI-M, B73 and H95 (Fig. 1). The use of a conserved
primer pair allows for the amplification of the majority, if
not all, of the Rp/ genes in a haplotype. Additionally, the
C-terminal end of the LRR region was selected for this
work because PCR primers could be designed to gener-
ate an amplification product that would cover the most
divergent region of Rpl genes and where recombination is
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most frequently detected (Lawrence et al. 1997; Ellis et al.
2000). This would alleviate the need to sequence com-
plete RpI genes that are ~4 kb in size from maize lines that
likely carry a large number of Rpl genes. A PCR ampli-
fied fragment ~1.0 kb in size corresponding to the diver-
gent C-terminal end of the LRR region was isolated and
cloned as putative Rp/ resistance genes. When Rp! clones
were sequenced from each haplotype, multiple clones cor-
responded to individual Rp/ genes, suggesting that the
majority of the Rpl genes in these haplotypes had been
sampled efficiently. It is possible that there are more than
the identified Rp/ genes in each haplotype, since genes that
are identical through the sequenced ~1.0 kb region would
not be differentiated.

A total of 544 genomic and cDNA clones were
sequenced for the four maize lines (Table 1). From these
clones, 531 were observed to be homologous to the LRR
sequences of Rp/ and other NB-LRR encoding genes pre-
viously isolated from maize and other plant species. A
79 bp intron was present between the conserved primer
sites and was used to detect genomic contamination in
the cDNA sequences. Alignment of the genomic and
cDNA sequences demonstrated that the 3’ intron had been
removed from the cDNA sequences indicating the absence
of genomic contamination. The Rp/ sequences were des-
ignated RpI-B-p, RpI-M-p, Rp1-B73-p or RpI-H95-p. The
Rp1 designation indicates the locus and is followed by the
name of the maize line the Rp/ genes were isolated from.
The p designation corresponds to the assigned paralog
number (Table 1).

Ninety-six of the 531 PCR amplified clones were
genomic clones isolated from the RpI-B haplotype. Align-
ment of the Rp/-B genomic sequences and removal of
redundant sequences identified 16 different sequences rep-
resenting unique Rpl genes and were designated as such
(Table 1). The 16 RpI genes were aligned with the 96 RpI-
B cDNA sequences to identify the transcribed RpI-B genes.
The RpI-B cDNA sequences corresponded to eight of the
16 RpI-B sequences indicating, HRpI-B carries at least 16
unique Rpl genes, eight of which are transcribed. The eight
LRR encoding RpI-B genes had uninterrupted ORFs after
the 3’/ intron was removed and were identical to their cor-
responding cDNA sequences. The remaining eight RpI-B
genes did not correspond to any of the cDNAs and har-
bored stop codons or frameshift mutations. These genes
were therefore considered untranscribed Rp/ genes and are
likely pseudogenes.

Ninety-six PCR amplified genomic and cDNA clones
were isolated from HRpI-M. Based on sequence align-
ment, 19 different Rpl genes were represented among the
96 clones (Table 1). The HRpI-M cDNA sequences cor-
responded to twelve of the genomic sequences (Table 1).
Therefore, HRp1-M carries at least 19 unique Rp/ genes,

twelve of which are transcribed. The transcribed genes
contained uninterrupted ORFs and were identical to their
corresponding cDNA sequences with the exception of the
3 intron. Seven of the RpI-M genes contained stop codons
and/or frameshift mutations.

Alignment of 96 genomic and cDNA sequences isolated
from B73 identified fourteen different sequences (Table 1).
The B73 cDNA sequences were identical to four B73
genomic sequences indicating B73 carries at least four-
teen different Rpl genes and four of these genes are tran-
scribed members. One-hundred-and-sixty genomic and
cDNA clones were analysed for the H95 maize line. The
clones represented twelve different Rp/ genes (Table 1).
Eight of these genes are transcribed. All of the transcribed
Rpl genes isolated from B73 (4 genes) and H95 (8 genes)
contained uninterrupted ORFs, while the untranscribed Rp/
genes harbored stop codons or frameshift mutations.

Rp1 nucleotide and haplotype diversity

The LRR region of Rpl genes was analysed in HRpI-B,
HRpI-M, B73 and H95 using DnaSP (Librado and Rozas
2009) to determine the genetic diversity of these genes at
a complex disease resistance locus. The length of aligned
sequence for Rpl genes from the four maize lines varied
between 696 and 754 bp and contains only coding sites.
This variability was due to manual trimming of the ends
of sequences that did not meet the minimum value for a
PHRED quality score (¢ >20). HRpI-B, HRp1-M, B73 and
H95 maize lines exhibited 342, 351, 52 and 371 SNPs,
respectively (Table 2). Although numerous indels and SNPs
were detected, 39 (52 %) of the total number of different
Rpl genes (61) identified in the four maize lines appeared
fully functional and were transcribed. For the remaining
22 Rpl genes (48 %), frameshifts or SNPs yielding prema-
ture stop codons suggested nonfunctional alleles, at levels
of 50 % (8 of 16 Rpl genes are nonfunctional), 37 % (7
of 19 Rpl genes are nonfunctional), 71 % (10 of 14 Rpl
genes are nonfunctional) and 33 % (4 of 12 Rpl gene
are nonfunctional) in HRpI-B, HRpI-M, B73 and H95,
respectively.

The average nucleotide diversity () for Rpl genes in
HRpl-B, HRp1-M, B73 and H95 was 2.28, 3.31, 0.51 and
1.35 %, respectively (Table 2). The number of segregating
sites detected in HRp1-B, HRpI-M, B73 and H95 was 342,
351, 52, and 371, respectively. Higher nucleotide diver-
sity was observed in the LRR of Rp/ genes maintained in
the Rp!I haplotypes (RpI-B and -M) in comparison to Rp!
genes isolated from B73 and H95. Similar estimates of
diversity were also observed for HRpI-B (2.03 %), HRp1-
M (2.00 %) and B73 (0.48 %) with the 6,, parameter, while
the Rpl genes in H95 (2.09 %) demonstrated a higher
nucleotide diversity with this measurement (Table 2).
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Table 2 Haplotype diversity in the C-terminal LRR region of Rp/ genes in four maize lines

Maize line Region® Sites® A\ H¢ Hj 7 (%) 0% (%)
HRpl-B 4449-5155 707 342 10 0.983 2.28 2.03
HRpI-M 4512-5201 690 351 11 0.994 3.31 2.00
B73 4536-5150 615 52 10 0.989 0.51 0.48
H95 4443-5150 708 371 8 1.00 1.35 2.09

# Region represents the range of the LRR domain in the aligned dataset

b Sites represents the number of nucleotides in the analysed domain

¢ § (segregating site) represents the number of segregating (polymorphic) sites (Nei 1987)

4" H represents number of unique haplotypes (Nei 1987)

¢ Hy= (1 —%x2) n/(n — 1), where x; is the frequency of a haplotype and n is the sample size

T 7 (Nucleotide diversity) represents the average number of nucleotide differences per site between two sequences (Nei 1987)

€ 0,, (0 = 4Nu) for an autosomal gene of a diploid organism (N and u are the effective population size and the mutation rate per DNA sequence

per generation, respectively) (Tajima 1983)

Watterson’s estimator (6,,) is a method used for estimating
population mutation rate (genetic diversity) but also takes
into account the effective population size and the mutation
rate per generation in the population of interest, whereas
the 7 estimator is simply the sum of the pairwise differ-
ences divided by the number of pairs.

Neighbor-joining tree construction for Rpl genes iso-
lated from RpI-B, Rpl-M, B73 and H95 facilitated the
analysis of haplotypic diversity relative to the LRR region.
This analysis showed the distribution of Rp/ genes from
each maize line into clusters based on sequence differ-
ences. Clones were defined as belonging to a cluster
(closely related family of genes) based on the nucleotide
sequence identity of the dataset, when aligned sequences
demonstrated at least 90 % nucleotide identity. Rp! genes
present in different clusters were less than 70 % identical.
This was not surprising because R-gene homology repre-
sents true relatedness. Different clusters represent differ-
ent Rpl haplotypes (H). The Rpl gene haplotype relation-
ships were well-supported within the clusters indicated by
the high bootstrap support for all of the clades (Fig. 2a—d).
There were no distinct classes formed in any of the neigh-
bor-joining trees based on transcribed Rp/ genes.

The Rpl maize lines carried a relatively large number of
Rpl genes ranging from 12 (H95) to 19 (HRp1-M) unique
genes and were arranged into a large number of haplotypes
(Fig. 2a—d). Indels were identified in Rpl genes isolated
from each haplotype. Indel sizes in the untranscribed Rp!/
genes were variable, with single nucleotide indels being the
most frequent size class.

The 16 Rp1 genes identified in HRpI-B were distributed
into ten distinct clusters based on nucleotide sequence iden-
tity and represented different Rp/ haplotypes (Table 2). The
most distant Rpl/ genes were B-p19* and B-p24 (Fig. 2a;
Table 2). These two genes were separated by 365 poly-
morphic sites in a 707 bp region and are 48.1 % identical.
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Conversely, RpI-B-p66 and RpI-B-p65 differed by a single
nucleotide substitution and share 99.8 % identity.

Similarly, the 19 RpI-M genes formed eleven different
clusters and represented different Rp/ haplotypes (Fig. 2b;
Table 2). Rpl-M-pl1* and Rpl-M-pl14* were the most dis-
tant with 351 nucleotide differences (49.1 % identity) in a
690 bp region. Paralogs RpI-M-p3* and RpI-M-p10* were
the most similar, separated by only one nucleotide change
(99.7 % identity).

The fourteen Rp! genes identified in B73 were distrib-
uted into ten Rpl haplotypes (Fig. 2c; Table 2). The most
distant Rpl paralogs were B73-pl3 and B73-p45%*. These
two paralogs were separated by 52 polymorphic sites in a
615 bp region and are 92 % identical. The RpI-B73-p13
and Rp1-B73-p45 paralogs differed by two nucleotide sub-
stitutions and share 99.6 % identity.

Analysis of H95 Rpl sequences identified twelve Rpl
genes that formed eight Rp/ haplotypes (Fig. 2d; Table 2).
Rp1-H95-pl and Rp1-H95-p50* were the most distant Rp 1
genes differing by 371 single nucleotide substitutions in
a 708 bp region thus are 47 % identical. However, RpI-
H95-p29* and Rp1-H95-P63 were the most similar sepa-
rate by only two single nucleotide substitutions and share
99.6 % identity.

A composite neighbor-joining tree was constructed with
the 70 Rpl genes identified in the HRpI-B, HRp1-M, B73,
H95 and HRpI-D (Fig. 3). The Rpl genes were separated
into four distinct clades with 33, 8, 14 and 14 genes clus-
tering together in clade I, II, III, and IV, respectively. The
majority of the RpI genes from HRpI-B, HRpI1-M, and H95
formed clade I. Thirteen of the 16 RpI-B genes clustered in
clade I and eleven of the twelve Rp/ genes from H95 were
identified in this clade. Eight of the 19 Rp/-M genes were
also present in clade I, while there were no Rp/ genes from
B73 identified in clade I. Similarly, clade III contained
Rpl genes from RpI-B, -M and H95. The remaining 3, 10
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Fig. 2 Neighboring joining tree of Rp/ genes in a HRpI-B, b HRp1-
M, ¢ B73 and d H95. Rp! indicates the R-genes analysed. The next
designation indicates the maize line the R-genes were isolated from
(-B, -M, -B73 and -H95) and p indicates the paralog number. The

and 1 Rpl genes from HRpI-B, HRpI-M and HO9S5 respec-
tively, were clustered in clade III, while B73 Rpl genes
were absent from this clade. There were two monophyletic
clades (II and IV) formed containing Rp! genes from the
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same haplotype. Clade II contains only Rp/-D genes from
HRplI-D. HRplI-D is the best characterized Rpl haplotype
and was used in this analysis to determine the evolution-
ary relationship of known Rpl genes to uncharacterized
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Fig. 3 Neighboring-Joining
phylogenetic tree of Rp/ genes
isolated from HRp1-B, HRp1-
M, B73 and H95. The Rp!
designation indicates the locus
analysed. The -B, -M,-B73 and
-H95 designation indicates the
maize line the R-genes were
isolated from. The p designation
indicates the paralog number.
The asterisk indicates the
transcribed genes. Numbers at
the nodes indicate the level of
bootstrap support (%) with one-
thousand bootstrap replicates

@ Springer

Rp1-H95-p61
Rp1-M-p14*
57 | Rp1-H95-p62
Rp1-H95-p1*
59 | Rp1-B-p27*
Rp1-B-p62
L Rp1-M-p8*
s [Rp1-H95-p32"
Rp1-H95-p28*

0.2

Rp1-M-p19*
5%, [Rp1-M-p84
— Rp1-B-p37*
E{Rp1-B-p19'
9! Rp1-B-p35*
69 r Rp1-M-p7*
i Rp1-B-p61
41 os Rp1-M-p63
Rp1-H95-p17* Clade |
@ Rp1-H95-p8*
55 | Rp1-H95-p29*
44 | Rp1-H95-p63
29 Rp1-B-p60
Rp1-M-p10*
«{Rp1-M-p3’
Rp1-B-p63
Rp1-H95-p12*
100 |- Rp1-B-p64
Rp1-H95-p60
95 || Rp1-M-p65
o Rp1-B-p66
Rp1-B-p65
92 Rp1-B-p67
L Rp1-B-p28*
20 Rp1-D-p8
73_{Rp1-D-p1
Rp1-D-p3
100 Rp1-D-p6
T o Clade II
51 Rp1-D-p5
67 LRp1-D-p9
Rp1-B-p1*
[ Rp1-M-p4*
700 6 | Rp1-M-p1*
Rp1-M-p30*
7 Rp1-M-p11*
Rp1-M-p60
Rp1-M-p20*
5| — Rot-vp61 Clade I
Rp1-H95-p50*
39 Rp1-M_p66
56 Rp1-B-p24*
Rp1-B-p36*
Rp1-M-p25*
78 | Rp1-M-p62
67 | Rp1-B73-p67
9 _[Rp1-B73-p45*
98 | | Rp1-B73-p17*
Rp1-B73-p8
100 Rp1-B73-p18
o8 Rp1-B73-p71*
Rp1-B73-p5
55 || RP1-B7373
" Ro1873:8 Clade IV
Rp1-B73-p11

Rp1-B73-p61
Rp1-B73-p6*
Rp1-B73-p16
Rp1-B73-p13



Theor Appl Genet (2015) 128:985-998

993

Table 3 Recombination in the C-terminal LRR region of Rp/ genes
in four maize lines

Maize line (R) events® (R) between adjacent sites®  (R) per gene®
HRplI-B 19 0.0012 0.001
HRpl1-M 22 0.0023 1.5

B73 3 0 0.001

H95 9 0 0.001

* R represents the minimum number of recombination events
between sites (Hudson et al. 1987)

b R represents the estimate of recombination between adjacent sites
calculated based on the average number of nucleotide differences
between pairs of sequences (Hudson et al. 1987)

¢ R represents the estimate of recombination per gene (Hudson et al.
1987)

Rpl genes. Additionally, all 14 of the B73 Rpl genes clus-
tered in clade I'V. Identical Rp/ genes were not identified in
HRp1-B, HRp1-M, B73 and H95.

The most distant Rp/ genes among the five haplotypes
were H95-p61 and B73-pl3. These two genes were sepa-
rated by 310 polymorphic sites within a 642 bp region and
share 51.7 % identity. Conversely, B-p36* and M-p25* Rpl
genes in clade III differed by four nucleotide substitutions
and are 99.4 % identical.

The nucleotide diversity data were also supported by
phylogenetic analysis of the Rpl genes characterized in
the four maize lines (Fig. 3). As indicated, the Rpl genes
isolated from B73 all clustered on clade IV. These genes
were also the least divergent of the characterized Rp! genes
based on sequence analysis. This clade was further divided
into two smaller clades with short branch lengths. Simi-
larly, Rpl genes from H95 also demonstrated low nucleo-
tide diversity and clustered on a single clade with Rpl
genes from HRpI-B and HRpi1-M (Clade I) with the excep-
tion of paralog H95-p50*. Conversely, Rpl genes from
HRplI-B and HRpI-M, the more divergent haplotypes, did
not cluster into monophyletic clades.

Detection of recombination and positive selection

The frequency of recombination in the LRR region of the
Rpl genes from the four maize lines was examined using
the recombination parameter (Rm) (Hudson et al. 1987)
from DnaSP (Table 3). The minimum number of recom-
bination events between adjacent polymorphic sites for
HRpl-B, HRpI-M, B73 and H95 were 19, 22, 3 and 9,
respectively. The recombination frequency (between adja-
cent sites and per gene) was relatively low for all Rpl
haplotypes analysed with the highest values observed for
HRpI-M (0.0023 and 1.5) subsequently decreasing for
HRpI-B (0.0012 and 0.001), B73 (0 and 0.001), and H95
(0 and 0.001).

Patterns of nucleotide substitution in the LRR region of
R-genes can be informative in assessing the type of selec-
tion pressure acting on the evolution of gene family mem-
bers (Sun et al. 2001). Nucleotide diversity was detected at
0.43984 in the LRR region of the 69 Rpl genes. Nonsyn-
onymous (K,) and synonymous (K,) amino acid substitu-
tion rates for the 69 Rpl genes were 1.66518 and 0.65045,
respectively. Therefore, the nonsynonymous to synony-
mous amino acid substitution ratio (K,:K) for the 69 Rp/
genes is >1 (2.56003) indicating that the LRR region of
Rpl genes maintained in the four maize lines are under
positive selection. Tajima’s D statistics was also used to
detect neutral selection. When the Rp/ genes from each
maize line were tested separately with Tajima’s D tests,
negative values were observed for HRpI-B and H95 with
no selection detected with significant P values, indicating
a relative excess of low frequency alleles compared with
expectations under a stationary neutral model (Table 3).
Conversely, positives values were detected for HRpI-M and
B73 with Tajima’s D, with significant P values detected.

Discussion
Amplification of RpI genes from four maize lines

Extensive studies on plant disease resistance genes have
demonstrated that resistance genes frequently occur in
tightly linked clusters (Pryor 1987; Michelmore and Mey-
ers 1998). Multiple Rp (Resistance to Puccinia sorghi) genes
have been shown to confer resistance to P. sorghi in maize.
This locus was designated the Rp/ complex because fourteen
genetically distinct loci mapped to this locus on the short
arm of chromosome 10 in maize (Hulbert 1997). Complex
disease resistance clusters have also been identified in Arabi-
dopsis (Meyers et al. 2003), rice (Song et al. 1997), barley
(Wei et al. 1999) and many other species. Many of the spe-
cificities within these genetically well-defined resistance loci
have been targeted for molecular cloning and analysis utiliz-
ing a PCR-based approach and/or genomic library screening
methods. In this study, a PCR-based approach was used to
analyse two previously uncharacterized Rp/ maize lines and
two maize inbred lines by estimating Rp/ gene number and
diversity, identification of transcribed Rp/ genes and detec-
tion of recombination and selection acting on these genes
in the four maize lines. The PCR-based approach ampli-
fied the C-terminal end of LRR region of Rp/ genes in the
four maize lines. This is the most divergent region of RpI
genes and has been used to distinguish between Rpl genes
and to estimate R-gene number (Richter et al. 1995; Smith
et al. 2004, 2010) without sequencing the full-length gene as
most Rpl genes are ~4 kb in size. This approach did not dis-
tinguish between identical genes or amplify truncated genes
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in this study. As a result, these types of Rpl genes were not
sampled. Hence, to study specific haplotypes that carry an
abundance of large R-genes, a PCR-based approach has
proven to be most appropriate, where single molecules repre-
sent pertinent regions of each haplotype.

From this work, 544 PCR amplified sequences corre-
sponding to 61 R-genes isolated from HRpI-B, HRp1-M,
H95 and B73 were homologous to the LRR sequences of
Rpl and other NB-LRR encoding genes. The number of
Rp1 genes maintained in each maize line is relatively large
ranging from at least 12 to 19 genes. Based on Southern
blot analysis and characterization of Rpl genes in various
Rpl maize lines, most Rpl lines carry from 15 to 25 Rpl
genes and are considered large haplotypes (Ayliffe et al.
2000, 2004; Sun et al. 2001; Smith et al. 2010). Addition-
ally, genomic sequence analysis of maize BAC clones from
a B73 maize inbred line identified 15 Rpl genes (Ram-
akrishna et al. 2002), whereas this study identified 14 RpI
genes in different B73 maize inbred line using a PCR-
based approach. Analysis of Rpl genes in the HRpI-A and
HRpl-K, using a similar PCR-based approach, identified
more than 50 Rp/ genes in these haplotypes, while HRpI-
A188 carries a single Rp/ gene (Smith and Hulbert 2003).
This suggests that similar to most maize lines that carry
Rpl genes, HRpI-B, HRpI-M, H95 and B73 also maintain
arelatively large number of Rpl genes. Extensive studies in
maize, flax and tomato have suggested that the large num-
ber of resistance genes maintained in tandem at complex
disease resistance loci play a central role in the diversity
and evolution of new specificities (Parniske et al. 1997,
Ellis et al. 1999; Luck et al. 2000; Chin et al. 2001).

Rp1 nucleotide and haplotype diversity in four maize lines

Sixty-one Rp!l genes were sampled from four maize lines.
Various diversity patterns were detected within the LRR
region of the Rp/ genes maintained in the four maize lines.
The LRR region of Rpl genes from B73 and H95 har-
bored the lowest diversity, while Rp/ genes from HRpI-B
and HRpI-M demonstrated the highest level of diversity
between the four maize lines. Many factors can affect
genetic diversity including, population size relevant for all
genes and pathogen populations that are specific to each
R-gene. Therefore, the higher diversity observed in HRpI-
B and HRp1-M may partly reflect increased diversity in the
LRR region as a mechanism of adaptive plasticity for dis-
ease resistance and responses to other environmental vari-
ables (Clay and Kover 1996).

Identification of transcribed Rp/ genes

A total of 61 Rpl genes were identified in the four maize
lines, thirty-two of these genes are transcribed. Presumably,
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the maize lines with large numbers of Rpl genes have more
genes that are transcribes, but this has not been demon-
strated. HRpI-B and HRplI-M carry the most Rpl genes,
whereas B73 and H95 carry the fewest. Interestingly, the
majority of the Rpl genes in each of the maize lines are
transcribed with the exception of B73. All untranscribed
Rpl genes harbored stop codons or frameshift mutations.
This is a novel observation that has been observed at the
Rpl1 locus with a few other haplotypes including HRpI-
E, HRplI-I and HRpI-K (Smith et al. 2004). Based on the
co-evolution of plant R-genes and pathogen Avr genes,
selection pressure is imposed on the pathogen to evolve
new genotypes (Avr gene) that can avoid detection by the
corresponding plant R-gene protein. This implies that the
untranscribed Rpl alleles were potentially generated as
a result of the complex plant-pathogen co-evolutionary
dynamics and selection.

It has also been shown that the nonfunctional resistance
genes participate in recombination creating new resist-
ance genes (Hulbert 1997; Hulbert et al. 2001; Smith et al.
2004; Joshi and Nayak 2013). For example, recombinants
selected for complete or partial loss of Rpl-D resistance
resulted from unequal crossing over that occurred mostly
within coding regions. The RpI-D gene was altered or
lost in all recombinants. The majority of recombination
events involved the same untranscribed paralog with the
functional RpI-D gene. One recombinant with a complete
LRR from RpI-D, but the amino-terminal portion from an
untranscribed paralog, conferred the RpI-D specificity but
with a reduced level of resistance. This indicates the poten-
tial usefulness of the nonfunctional genes in the creation of
new resistance specificities at the Rp/ locus.

Phenotypic analysis of HRpI-B and HRpI-M indicates
that these Rpl haplotypes confer race-specific resistance
to a different set of Puccinia sorghi rust isolates (Richter
et al. 1995). Therefore, Rpl haplotypes are designated by
the genes they carry with detectable phenotypes. However,
B73 and H95 are susceptible to all known P. sorghi isolates
but still carry transcribed rpl paralogs. This suggests that
although Rp! lines typically carry a large number of Rp/
genes that are often transcribed, most of these genes do not
confer a resistance phenotype to any known rust isolate.
This is also demonstrated in the RpI-D haplotype. HRpI-D
is the best characterized Rpl haplotype and is considered
one of the most meiotically stable of the fourteen different
Rp1 haplotypes (Collins et al. 1999). This haplotype con-
tains nine paralogs, seven of which are transcribed, includ-
ing a truncated gene. However, only one paralog (RpI-D) is
phenotypically detectable and is located on the most distal
end of the array. It is plausible that the transcribed paralogs
in Rpl haplotypes are involved in other aspects of resist-
ance that are not phenotypically detectable or these genes
once conferred resistance to a P. sorghi isolate that no
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longer exists in the pathogen population but are still tran-
scribed (Jullien and Berger 2009).

Evidence of positive selection and recombination

The LRR region of Rpl genes from the maize lines were
determined to be under positive selection. Sequences of the
Rp1 genes corresponded to the C-terminal end of the LRR
region and ranged from 696 to 754 bp in size. Tajima’s D
tests were also applied separately to the LRR region of
Rp1 genes from each maize line and indicated that positive
selection had occurred in the C-terminal half of the LRR
region of Rpl genes from HRpI-M and B73. This sug-
gests that selection pressure favors diversifying selection in
the C-terminal half of the LRR region of Rp/ genes from
HRpI-M and B73, which is consistent with the predicted
function of the LRR domain of R-genes. There were no
sites detected as under positive selection for HRpI-B and
HO95 Rpl genes. A relatively, high level of nucleotide diver-
sity was observed for RpI-B genes. This haplotype also
confers race-specific resistance to different P. sorghi iso-
lates, yet positive selection was not detected in the C-termi-
nal end of LRR region, suggesting that regions other than
the LRR of RpI-B genes may be under positive selection
and contribute to the resistance specificity.

The LRR domain is well-documented as a functional
structure involved in protein—protein interactions binding
pathogen-derived avr factors directly or indirectly (Kobe
and Deisenhofer 1995; Ellis et al. 1999, 2000). Over the
past 10 years, numerous studies have demonstrated that
the LRR of R-genes are subject to positive selection and
is where diversifying selection plays a role in the genera-
tion of new resistance specificities (Hu and Hulbert 1996;
Parniske et al. 1997; Ellis et al. 1999; Hulbert and Drake
2000). There are also examples of regions other than the
LRR that contribute to resistance specificity (Stirnweis
et al. 2014). One of the best-characterized examples is the
L locus in flax. Analysis of this locus indicated that the TIR
(Toll Interleukin-1 Receptor) domain contributes to resist-
ance specificity and may be under positive selection (Luck
et al. 2000). To date, R-genes with a TIR domain have not
yet been identified in grasses. Further evidence suggests
that selection pressure acts differently on different regions
of the LRR domain (Jiang et al. 2007). Variability in the
frequency of recombination events between the Rpl genes
in the different maize lines was detected. This indicates that
there are different histories of sequence exchange between
Rp1 genes in the different maize lines. Evidence has accu-
mulated suggesting that unequal recombination is a major
mechanism in diversifying R-gene sequences, especially
at complex disease resistance gene loci (Sudupak et al.
1993; Parniske et al. 1997; Dixon et al. 1998; Hulbert et al.
2001; Ramakrishna et al. 2002; Nagy and Bennetzen 2008;

Baurens et al. 2010). Recombination has been shown to
contribute significantly in the creation of genetic diversity
at the RpI rust resistance locus (Hulbert et al. 1997; Smith
et al. 2010). For example, phenotypic and genetic analyses
of several recombinant Rp/ haplotypes demonstrated the
creation of novel recombinant Rp/ genes and race specifici-
ties (Smith and Hulbert 2005; Smith et al. 2010). The gen-
eration of recombinant resistance genes that presumably
create novel specificities has also been observed in flax, let-
tuce and tomato suggesting recombination plays a pivotal
role in the evolution of new specificities (Parniske et al.
1997; Ellis et al. 1999; Luck et al. 2000; Chin et al. 2001).

Phylogenetic analysis of Rpl genes

A neighbor-joining tree was constructed for the Rpl genes
isolated from each maize line to analyse the relationship
between Rpl genes. From eight to eleven different Rpl/
haplotypes were detected for the four maize lines. How-
ever, only two distinct clades were observed for each maize
line. The B73 and H95 clades demonstrated short branches
within and between the different clades, while Rp/-B and
Rpl1-M branches were long in both instances. This sug-
gests that the LRR region of RpI genes is more diverse in
HRpI-B and HRpI-M in comparison to B73 and H95. It
has been shown in numerous studies that the LRR region
is typically the most diverse domain in an NB-LRR resist-
ance gene due to its involvement in pathogen recognition
and specificity (Jiang et al. 2007; Sela et al. 2009). HRp1-
B and HRpI-M confer resistance to different P. sorghi iso-
lates. Therefore, these two haplotypes carry the appropriate
Rp1 gene(s) that recognizes the corresponding Avr protein
in the pathogen population (Hammond-Kosack and Jones
1997). Conversely, B73 and H95 are maize inbred lines that
are susceptible to all known P. sorghi isolates lacking the
appropriate Rpl gene. It is possible that the most diverse
Rpl genes observed in HRpI-B and HRpI-M arose most
recently from recombination events in haplotypes with
divergent RpI arrays. However, the least diverse Rp/ genes
identified in B73 and H95 may be due to cyclical amplifi-
cation and deletion events that would homogenize haplo-
types, especially in inbred populations, small populations
or populations where a very successful haplotype became
more prevalent.

A composite neighbor-joining tree was generated using
the 70 RpI genes from the five maize lines to evaluate the
evolutionary relationship between the genes from the dif-
ferent lines. This analysis included Rpl genes from the
Rp1-D haplotype. Previous work at the RpI locus demon-
strated that Rp/ genes characterized in different haplotypes
vary in their evolutionary relationships and that their evolu-
tionary patterns can be used to predict how the Rpl genes
are evolving in individual haplotypes. For this study, Rp!/
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genes from the five maize lines formed four distinct clades.
Rpl genes from HRpI-B, HRpI-M and H95 shared two
clades and were distributed between clades I and III. This
suggests that Rp/ genes maintained in HRpI-B, HRpI-M
and H95 are more similar to each other than to Rpl genes
within each individual maize line. Therefore, the Rp/ genes
maintained in HRpI-B, HRpI-M and H95 are evolving
independently of each other.

Rpl genes isolated from HRpI-D and B73 each formed
a monophyletic clade. This indicates that the Rpl genes
maintained in B73 are more similar to each other than
to Rpl genes in the other four maize lines. The same is
true for the Rpl genes maintained in HRpI-D. Therefore,
the Rpl genes in HRpI-D and B73 are evolving in a con-
certed manner. This type of evolutionary pattern was also
observed when Ramakrishna et al. (2002) sequenced 4
of the 15 Rpl genes from a different B73 haplotype and
found that 2 of the genes differed by a single nucleotide
change. It has been demonstrated that in most gene fami-
lies, orthologs from different haplotypes are often more
similar in sequence than are paralogs in the same haplo-
type (Meyers et al. 1999) as is the case in this study for
HRplI-B, HRpI-M and H95 but not for HRpI-D and B73.
It is not apparent as to why some haplotypes show more
evidence of within haplotype homogenization than oth-
ers. Perhaps haplotypes similar to Rp/-D and B73 evolved
from an extended period in the population with limited
variation at the Rp/ locus, while haplotypes like HRpI-B,
HRplI-M and H95 evolved during a period of high genetic
diversity.

Identical Rpl genes were not identified in HRpI-B,
HRp1-M, B73 and H95 when compared. This in conjunc-
tion with the fact that most maize lines appear to have dif-
ferent Rpl haplotypes when compared by Southern blot
analysis indicates that maize germplasm carries many hun-
dreds of different Rp/ genes with the potential to create
new R-genes with new resistance specificities as a result of
recombination and diversifying selection. Only a few of the
RpI haplotypes have been characterized in detail. Analysis
of the haplotypic diversity of NB-LRR R-genes in previ-
ously uncharacterized Rpl haplotypes provides insights
into Rpl R-gene number, transcription and diversity. This
type of analysis is necessary to create a data resource for
future use of this class of R-genes and to select the appro-
priate Rpl parental haplotypes used for crosses. This study
characterized two Rpl haplotypes (HRpI-B, HRpIl-M)
differing in resistance specificity and two maize inbred
lines (B73 and H95), that would be appropriate to gener-
ate the crosses needed for detailed resistance gene char-
acterization, generation of recombinant haplotypes with
new resistance specificities and improved maize cultivar
performance.
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