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Abstract Little is known about the genetic impacts of
modern plant breeding on specific breeding target loci.
Resequencing cloned genes can identify all mutations in
single genes for population-based analyses of genetic
changes in improved gene pools. Ninety-five wheat culti-
vars released in Canada from 1845 to 2004 were sequenced
at the wheat leaf rust resistance locus Lr21. Characteriza-
tion of the DNA fragment of length 4,071 bp, covering the
Lr21 gene from —92 to +4,261, revealed 13 SNPs, four
indels, 10 haplotypes, and 4 major haplotype groups.
A new SCAR marker was developed to identify the resis-
tant haplotype and haplotype groups. Non-synonymous
polymorphic sites and haplotype numbers were increased
over the 100 years of wheat breeding. Nucleotide diversity
of the wheat cultivars was gradually reduced from 1845 to
1993 and increased after the release of the first Lr2/ wheat
cultivar AC Cora in 1994. Positive selection measured with
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Tajima’s D was observed in the cultivars released before
1935. At least two recombination events were inferred in
those cultivars released before 1993. Linkage disequilib-
rium at the locus was decreased over time. These findings
demonstrate not only the effectiveness of the wheat breed-
ing in the improvement of leaf rust resistance, but also are
useful to understand the genetic influences of a long-term
artificial selection on individual loci.

Introduction

Recent years have seen an increasing interest in molecular
assessments of genetic diversity changes in existing gene
pools of major agricultural crops (e.g., Donini et al. 2000;
Fu et al. 2003; Hyten et al. 2006; Malysheva-Otta et al.
2007; Fu and Somers 2009). Such assessments are not
only useful to understand the effectiveness of plant breed-
ing in the modification of plant genomes, but also help to
address a long-standing concern that modern plant breed-
ing reduces crop genetic diversity, which may have conse-
quences for the vulnerability of crops to changes in pests,
diseases, climate and agricultural practices (National
Research Council 1972; Tripp 1996; Borlaug 2007). In
general, the genome-wide reduction of crop genetic diver-
sity accompanying genetic improvement over time is
minor, but allelic reduction at individual chromosomal
segments is substantial (Fu 2006). However, little atten-
tion has been paid to molecular assessments of the genetic
impacts of modern plant breeding on specific breeding
target loci.

Resequencing cloned genes can identify all mutations in
a gene that are present within the sampled individuals. With
an increasing number of cloned genes available, this
approach should present a new opportunity to characterize
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breeding target genes and assess genetic changes at these
loci under selective breeding through population-based
analyses of nucleotide sequence diversity. Resequencing of
candidate genes within diverse populations has shown the
potential in understanding complex human traits (Topol
and Frazer 2007). Resequencing-based studies have been
used, for example, to assess vernalization response and
pathogen resistance in Arabidopsis (Aranzana et al. 2005),
flowering time adaptation in barley (Jones et al. 2008), and
genetic diversity in wild avocado (Chen et al. 2008). How-
ever, the potential of this approach has not been explored in
improved crop gene pools established from long-term
breeding efforts.

Leaf rust, caused by the fungal pathogen Puccinia triti-
cina Eriks. (Kolmer 1996), is one of the most important
diseases of wheat (Triticum aestivum L.) worldwide,
causing premature defoliation that results in as much as a
40% yield loss (MclIntosh etal. 1995). The long-term
strategy for the control of this disease is the utilization of
genetic resistance by gene pyramiding. To date 67 wheat
leaf rust resistance genes have been reported (e.g., see
Marais et al. 2008) and many of them have been tagged by
molecular and cytological markers (e.g., Huang and Gill
2001) to facilitate leaf rust resistance breeding. Four of
these genes have been cloned: Lr! (Cloutier et al. 2007),
Lri0 (Feuillet et al. 2003), Lr21 (Huang et al. 2003) and
Lr34 (Krattinger etal. 2009). Both Lr/ and Lri0 are
ineffective against some virulence phenotypes of P. triti-
cina but Lr2] and Lr34 remain effective against all iso-
lates in North America. Lr2] was first transferred from
Aegilops tauschii (Coss.) accession TA1599 to the stem
rust resistant wheat cultivar Thatcher in 1970s (Rowland
and Kerber 1974; Mclntosh et al. 1995) and has been
available for breeding since the 1970s. However, the first
developed cultivar to carry fully functional Lr2/ gene was
AC Cora, which was released in 1994 (McCallum et al.
2007). Lr21 is a gene of length 4,318 bp at a simple
(single-copy) locus on the chromosome 1DS, encodes a
nucleotide-binding site-leucine-rich repeats (NBS-LRR)
protein of 1,080 amino acids, and confers resistance to all
known P. triticina races (Huang et al. 2003, 2009). Thus,
this cloned gene provides a unique re-sequencing opportu-
nity to assess the genetic changes in improved Canadian
wheat gene pool.

Canadian wheat breeding began in 1886, has so far
released hundreds of cultivars, and has generated a signifi-
cant impact on Canadian agriculture (DePauw et al. 1995).
Breeding targets have changed from adaptation and quality
before 1940, resistance to biotic and abiotic stresses such as
rust from 1940 to 1990, to end-use quality such as
increased grain protein after 1990 (Neatby 1942; Morrison
1960; McCallum and DePauw 2008). The accompanying
breeding methods range from introduction, mass selection,
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hybridization, backcrossing, to marker-assisted selection
(Slinkard and Knott 1995; McCallum and DePauw 2008).
These practices have generated considerable impacts on the
genome of improved wheat cultivars (Fu et al. 2005, 2006).
A genome-wide reduction of genetic diversity was
observed in 75 Canadian hard red spring (HRS) wheat cul-
tivars released from 1845 to 2004 (Fu and Somers 2009).
However, little is known about the genetic impacts on spe-
cific loci of wheat breeding targets.

Historically, the Canadian breeding efforts for rust resis-
tance were made largely toward stem rust, which is caused
by Puccinia graminis Pers.: Pers. f. sp. tritici Eriks. &
E. Henn. (McCallum and DePauw 2008). Thatcher was the
first significant stem rust resistant cultivar, and was grown
extensively from 1939 until the early 1970s. However, it
was very susceptible to leaf rust. Over time, improved
resistance to both stem and leaf rust was achieved with the
release of cultivars with additional genes for resistance, pri-
marily Sr2, Sr6, Sr7a, Sr9b, Lri3, Lri4a, Lrl6, Lr21,
Lr22a and Lr34. Overall, genetic resistance has adequately
controlled stem rust but leaf rust continues to cause signifi-
cant losses, as changes in the P. triticina population gradu-
ally reduced the effectiveness of resistance genes such as
Lri3, Lri4a and Lri6. While some resistance genes incor-
porated since the 1970s such as Lr2/ and Lr34 remain
largely effective, research efforts have been directed in
recent years to combine additional resistance genes such
as Lrl8, Lr35, Lr46 and Lr52 into new breeding lines
(McCallum et al. 2007).

The objectives of this study were to (1) characterize the
nucleotide sequence variation at the wheat leaf rust resis-
tance locus Lr2] in 95 wheat cultivars released in Canada
from 1845 to 2004, (2) develop a SCAR marker for identifi-
cation of Lr21 haplotypes, and (3) assess the genetic
changes at the locus over various breeding periods.

Materials and methods
Plant materials

Ninety-five wheat cultivars (Table 1) were selected from
the wheat germplasm collection maintained at Plant Gene
Resources of Canada, Saskatoon Research Centre. The
selected cultivars consisted of three major types of wheat
cultivars [75 HRS, 9 soft white spring (SWS), 11 winter]
and are representative of the long-term Canadian wheat
breeding efforts. More HRS wheat cultivars were selected
as the HRS wheat breeding reflected the major effort of
Canadian wheat breeding over the past century. Additional
descriptions of these cultivars are given in supplemental
Table S1; they include the origin of release, seedbank and
GenBank accession labels.
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jaiglfvilth I;li(:tr:lfe 2:6“;2;:?5}112; Cultivar® Year Type® HS FRY Hg® Cultivar Year Type H FR Hg
type, inferred haplotype, field Red Fife 1845 H h2 MS G2 Kenyon 1985 H h9 MR G3
resistance rating, and haplotype
grouping Ladoga 1887 H h6 MS G4 Conway 1986 H h9 S G3
Stanley 1893 H h7 1 G4  Roblin 1986 H h3 MR G2
Preston 1895 H h7 MS G4 Laura 1986 H h6 R G4
Huron 1900 H h2 MS G2 CDC Makwa 1990 H h9 MS G3
Bobs 1900 H h2 MS G2 Pasqua 1990 H h9 R G3
Percy 1901 H h2 1 G2  CDC Teal 1991 H h9 MR G3
White Fife 1908 H* h2 MS G2 AC Minto 1991 H 9 R G3
Marquis 1909 H h7 S G4  CDC Merlin 1992 H h9 1 G3
Prelude 1913 H h6 S G4  AC Michael 1993 H h9 S G3
Ruby 1917 H h6 S G4  AC Eatonia 1993 H h9 MR G3
Kota 1921 H h2 MS G2 AC Domain 1993 H h7 1 G4
Supreme 1921 H h7 1 G4  Invader 1993 H h7 R G4
Renfrew 1924 H h2 MS G2 ACBarie 1994 H h9 MS G3
Garnet 1925 H h2 s G2  AC Cora 1994 H hi R Gl
Broatch’s* 1925 H h7 MS G4 Pacific 1994 H 3 R G2
Red Bobs#222 1926 H h6 MS G4 AC Majestic 1995 H h9 MS G3
Ceres 1928 H h6 1 G4  AC Cadillac 1996 H h3 MR G2
Reward 1928 H h6 S G4  McKenzie 1997 H hl R Gl
Reliance 1932 H h7 MS G4 AC Intrepid 1997 H h6 MR G4
Canus 1935 H h7 MS G4 AC Splendor 1997 H h6 MR G4
Thatcher 1935 H h9 S G3  AC Abbey 1998 H h9 MR G3
Coronation 1937 H h7 S G4  Superb 2001 H h7 S G4
Apex 1937 H h7 MS G4 Lovitt 2002 H hi R Gl
Renown 1937 H h7 S G4 Journey 2002 H h7 MR G4
Regent 1939 H h4 S G2 Lillian 2003 H 9 R G3
Rescue 1946 H h7 S G4  Harvest 2004 H h9 MR G3
Redman 1946 H h7 S G4  Federation 1901 S h6 NT G4
Saunders 1947 H h9 s G3  Lemhi 1958 S h9 NT G3
Lee 1950 H h7 MS G4 Fielder 1976 S h3 NI G2
Chinook 1952 H h9 MS G3 ACReed 1991 S h3 S G2
Selkirk 1953 H h7 s G4  AC Phil 1996 S h3 S G2
Lake 1954 H h7 MS G4 AC Nanda 1997 S h3 1 G2
% Broatch’s, Broatch’s white- Canthatch 1959 H h9 S G3  AC Andrew 2000 S h3 1 G2
head; Dawson’s*, Dawson’s Pembina 1959 H h9 S G3  AC Meena 2000 S h3 I G2
Golden Chaff Cypress 1962 H h9 MS G3 Bhishaj 2002 S h3 MS G2
NT Not tested Park 1963 H h9 S  G3 Dawson’s* 1881 W hl0 NT G3
® H, hard red spring wheat; Manitou 1965 H h9 S  G3 Triumph 1940 W  h6 NT G4
H#*, hard white spring wheat;
S, soft white spring wheat; Neepawa 1969 H h9 S G3  Kharhov22MC 1923 W h6 NT G4
W, winter wheat; White Fife, Napayo 1972 H h2 MS G2 Talbot 1962 W hi0 NT G3
hard white spring wheat Canuck 1973 H h9 S G3  Sundance 1971 W h6 NT G4
© H, inferred haplotype Sinton 1975 H h7 MR G4 Norstar 1977 W h6 S G4
j"n“dermg gaps Chester 1976 H h9 S  G3  Annette 1989 W hi0 NT G3
FR, field leaf rust resistance .
rating. Proportion of the infected Benito 1979 H h9 MS G3  AC Tempest 1997 W h3 NT G2
flag leaf is R = 0-10%, Columbus 1980 H h9 MS G3 CDC Raptor 1999 W h3 1 G2
MR = 11-30%, I = 31-45%, Katepwa 1981 H h9 MS G3 CDC Buteo 2002 W hs 1 G4
2%?7: 46-60% and § = over Leader 1981 H h9 MR G3  AC Radiant 2000 W h8 S G3
Lancer 1984 H h9 MR G3

¢ Hg, haplotype group
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DNA extraction

Five seeds of each cultivar were randomly selected from
the PGRC wheat collection and grown in the greenhouse at
the Saskatoon Research Centre. Young leaves were individ-
ually collected from five 5-day-old seedlings of each
cultivar, freeze-dried (in a Labconco Freeze Dry System for
3-5 days), and stored at —80°C. Dry leaves from one indi-
vidual sample of each cultivar were finely chopped and
ground to a fine powder in a 2-ml microcentrifuge tube with
two 3-mm glass beads on a horizontal shaker. Genomic
DNA was extracted using a DNeasy Plant Mini Kit (Qiagen
Inc., Mississauga, ON, Canada) according to the manufac-
turer’s directions. Extracted DNA was quantified by fluo-
rimetry using Hoechst 33258 stain (Sigma Chemical Co.,
St. Louis, MO, USA), followed by dilution to 25 ng ul’l.

Lr21 sequencing

A 4 kb region of Lr21 was amplified using primers 3F (5'-T
GC TTC CGT GTT TGA TCC TGC CAC TT-3') and 3R
(5'-AAC CAG CCT GCC ACA ACC TCT TTA CT-3%)
under the following conditions: 1 U Phusion polymerase
(Finzyme, New England Biolabs, Pickering, ON, Canada)
in 1x Phusion HF buffer containing 1.5 mM MgCl,,
0.2 mM each dNTPs, 0.25 puM each primer, 25 ng of tem-
plate genomic DNA in a final volume of 50 pl. A two-step
PCR was carried out at 94°C 3 min, 30 cycles of 94°C 10 s,
72°C 3 min, followed by 72°C 10 min, and cooling to
20°C. Two microliters of the PCR product was used as a
template to reamplify two fragments overlapping by 100 bp
using primer pairs 3CL22F (5'-GCT TGG AAA TGC TGT
CCA TGC TGA-3') and 22R (5'-CGT TTG CCA CAC
AAT GCT TCC TTC-3’), and 4CL20R (5'-TGT TCG TCA
TCT TCG TTC GTC GGT-3') and 20F (5'-CGG AGA
TAG TCA CTC CAA TAT TTC AGA TCG-3") under the
following conditions: 1 U Tag polymerase (New England
Biolabs, Pickering, ON, Canada), 1x Thermopol Buffer
with 2 mM MgSO, (New England Biolabs, Pickering, ON,
Canada), 0.2 mM each dNTP, 0.25 uM each primer, in a
final volume of 50 pl. The PCR was carried out at 94°C
3 min, 30 cycles of 94°C 10 s, 59°C 20 s, 72°C 2 min 30 s
followed by 72°C 5 min, and cooling to 20°C.

The PCR product of 3CL22F-22R was sequenced using
primers: 3CL22F, 3seq8F (5'-ACG GAG GAG CTC TTT
GTG TCG TTT-3’), and 3seql6F (5'-AGA ACT GCT
AGC AAG CGG AAG GTA-3') at the DNA sequencing
laboratory, Plant Biotechnology Institute, National
Research Council of Canada, Saskatoon. The PCR product
of 4CL20R-20F was sequenced using primers: 4CL20R,
4seq8R (5'-TCC TTA GCC TGA AGA AGG GT-3'), and
4seql6R (5'-AGC TGC TGA TAG CTC CAC CAA
AGA-3"). Additional re-sequencing was independently
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made three times for five relevant cultivars to verify all
newly detected SNPs.

SCAR marker for Lr21 genotyping

Primers F1 (5'-ACATCCAATTTCGTCGCCCACT-3')
and R1 (5'-CTGCAACTTCCGCATTGCCATT) were used
to amplify a 2.4 kb fragment of the Lr2/ gene covering the
functional region from the second to fourth indels. The
PCR cocktail consisted of 1x New England Biolabs
(Pickering, ON, Canada) Thermopol Buffer containing
1.5 mM MgSO4, 1U of Taqg polymerase (New England
Biolabs) 0.2 mM each dNTP, 0.2 uM each forward and
reverse primer, and 100 ng of genomic DNA in a final
volume of 25 pl. The fragment was amplified under the
following conditions: 94°C 3 min, 30 cycles of 94°C 10,
59°C 15 s, and 72°C 2 min followed by an extension step of
72°C 5 min. Upon completion of the PCR reaction 10 U of
Bcll restriction enzyme (New England Biolabs) was added
to the PCR cocktail directly and incubated for 2 h at 50°C.
The resulting digest was separated on a 1.5% agarose gel
for 3 h at 100 V, stained with 0.5 mg/l ethidium bromide
for 10 min and photographed. To confirm the effectiveness
of the developed SCAR marker, seven representative Lr21/
sequenced cultivars and seven additional wheat cultivars
released in the last decade were tested. The additional culti-
vars were CDC Alsask, Fieldstar, Kane, Unity, Helios,
Infinity, and Somerset. Application of the SCAR marker
was also made to eight barley cultivars, eight cultivated oat
cultivars, and six accessions representing four wild oat
species (Avena sterilis L., A. fatua L., A. nudisativa L., and
A. byzantina K. Koch).

Field test of leaf rust resistance

Leaf rust resistance was assessed in inoculated and natu-
rally infected field trials (Table 1). In the inoculated trials,
spreader rows of leaf rust susceptible lines were placed
every alternating third row to increase the leaf rust inocu-
lum. The inoculum used throughout the phenotyping pro-
cess was an epidemic mixture of an equal proportion of the
most prominent isolates collected during the annual leaf
rust disease surveys in the year prior to the trial (e.g., see
McCallum and Seto-Goh 2008). Spreader rows were first
inoculated at the stem elongation phase. The inoculum mix-
ture was a suspension of 1.5 g of urediospores/l of light
mineral oil (Bayol Esso Canada, Toronto, ON, Canada).
A hand held low volume herbicide applicator was used to
apply the inoculum to the spreader rows only. Terminal
severity of leaf rust on the flag leaves was determined using
the modified Cobb Scale (% infection of flag leaf) (Peterson
et al. 1948). The cultivars were assigned resistance levels
based on relative resistance and on the following scale for
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inoculated nurseries <10% = R or resistant, 11-30% = MR
or moderately resistant, 31-40% = I or intermediate, 41—
60% = MS or moderately susceptible, >60% = S or suscep-
tible.

Data analysis

All sequencing products were assembled with Vector NTI
Suite’s ContigExpress v9.0.0 (Invitrogen, Carlsbad, CA,
USA) and aligned using MUSCLE v3.6 (Edgar 2004). All
aligned sequences have been deposited in the GenBank
database and their accession numbers are listed in supple-
mental Table S1. Population genetic analyses of aligned
DNA sequences were performed using DnaSP program
(Librado and Rozas 2009). Several measures of sequence
variation were obtained, including the number of segregat-
ing sites, haplotype number, nucleotide diversity (7; Tajima
1983), the signal of selection (i.e., deviation from neutral-
ity, D; Tajima 1989), the frequency of recombination (i.e.,
the minimum number of recombination events, R,; Hudson
and Kaplan 1985), and the extent of linkage disequilibrium
(LD) (i.e., the congruence among adjacent segregating
sites, Wall’s B; Wall 1999). Plots were made of the resul-
tant R* for each pair of sites against the number of nucleo-
tides that separated the pair, and a logarithmic curve was
fitted into the plots in Microsoft Excel.

Haplotype analyses with and without gaps were made
using the DnaSP program. The positions of SNPs and
indels for each haplotype were generated. The first instance
of a haplotype within the wheat gene pool was inferred with
the release year of the oldest cultivars with the haplotype.
Evolutionary relationships of haplotypes were inferred with
a neighbor-joining method, excluding gaps, using the
MEGA program (Tamura et al. 2007) and a circular tree of
the wheat cultivars was generated. The haplotype groups
were established, and haplotypes or haplotype groups were
associated with the field resistance ratings of the tested
cultivars. Frequency distributions of haplotype groups for

F1
—
3seq8F
—

3F 3cl22F 3seql6F
—> —

Promoter+5 UTR

' A-terminus

I //

Intron 1
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88-bp 1-bp

e

2-bp 105-bp

Fig. 1 Applied primer pairs and gene structure of wheat Lr2] gene.
The top row shows the SCAR marker primers designed to detect the
resistant haplotype and haplotype groups, and the second row displays
the primer pairs used to sequence the cultivars. The gene structure

4cl20F  3cl22R 4seql6R

I

cultivars of the four breeding periods defined below were
calculated and tested for association between haplotypes
and breeding periods using likelihood ratio chi-square test
in Proc FREQ (SAS Institute 2008) and for differences
among breeding periods using a random permutation proce-
dure (Fu 2010).

Comparative population genetic analyses were also
made using the DnaSP program for 12 sub-groups of wheat
cultivars (all assayed cultivars, winter wheat, SWS wheat,
HRS wheat, four breeding period-specific groups of HRS
wheat, and four breeding period-specific groups of all
assayed cultivars). Four breeding periods (before 1935,
1935-1958, 19591993, after 1993) were defined to reflect
the four major breeding efforts in improvement of stem and
leaf rust resistances in the Canadian wheat cultivars
(McCallum and DePauw 2008).

Results

The resequencing effort generated a DNA fragment of
length 4,071 bp, covering the Lr2] gene from —92 to
+4,261. Alignments of the generated sequences from the
Lr21 locus revealed the same gene structure as previously
reported (Huang et al. 2003), including amino-terminus,
followed by an intron, NBS, LRR, and carboxy-terminus
with another intron (Fig. 1). Three previously reported
indels (2 bp in A-terminus, 88 or 105 bp in the first intron,
and 1 bp in the NBS region) and one new indel in the LRR
region was detected (Fig. 1). The new indel of 86 bp was
the same as indels 12, 13, and 14 in Ae. tauschii (Huang
et al. 2009), but it was not reported in hexaploid wheat. The
second indel displayed variation in length (either 88 or
105 bp), and the fourth indel consisted of three parts of
different lengths (Fig. 2).

The characterization of this DNA fragment for 95 wheat
cultivars revealed a total of 13 SNPs (Fig. 2). These SNPs
were distributed over the three gene regions, including

R1
< SCAR Primers
4cl20R 3R
<<—

4seq8R
Sequencing Primers

Lr21

Fielder (h3)

Ladoga (h6)

86-bp

identified by Huang et al. (2003) includes promoter + 5’ UTR, amino-
terminus with intron, non-binding sequence, leucine-rich repeat,
followed by carboxy-terminus. Below the gene structure are two culti-
vars with different haplotypes carrying four indels
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--Amino terminus-- | ---NBS--- LRR |
SNPs 1 2 3 4 5 6 7 8 9 10 11 12 13
Indels 1 2 2% 3 4 4% 4** Haplotype

Length (bp) 2 88 17 1 4.9 73 features

. SEpRueeBeReweewe 7 <
Position B 286 xxo0A39 S8 8ESHE2SIBY 352
Lr21- AC Cora hl TTAT - A GGTAAGGIGAGGTG 3 G1 1994
Ir21 -Red Fife h2 G C - CC - A K R X EE K EC kPR ko x T 9 G2 1845
Ir21 -Fielder h3 ¥k A * C ¥ A X OF X E X IC k& kT 12 G2 1976
Ir21 -Regent h4 * * A C C - ¥ A X ¥ X X Q) x ok ok x T 1 G2 1939
Ir21-CDC Buteo h5 **ANCCTATAGTC - - - -G * * * 71 1 G4 2002
Ir21 -Ladoga h6é GC-CCTATAGC -|- -/-G|*ACT 14 G4 1887
Ir21 -Stanley h7 G C cC CT T AGC - - - GIC ACT 20 G4 1893
Ir21 -AC Radiant h8 G C - * C - *A*C - - - -G *ACT 1 G3 2004
Ir21 -Thatcher h9 ¥ X A X C *A*C - - - - GCACT 31 G3 1935
Ir21 -Dawson's  h10 * *x A ¥ C *A *C -/- - - G*ACT 3 G3 1881

Fig. 2 Nucleotide polymorphism of 10 haplotypes inferred from 95
wheat cultivars. Each haplotype is labeled with its oldest cultivar and
its features (count, group and the earliest year in the improved gene
pool) are given in the last three columns. The position of a polymorphic
site starts from the transcribed site and relative positions of major gene

introns, but only two of them (no. 8 and no. 10) were newly
detected in hexaploid wheat. One SNP (no. 8) was found in
the fourth indel. Two SNPs (no. 11 and no. 12) in the LRR
regions were synonymous, while the other SNPs were non-
synonymous. Roughly, three SNPs were detected for every
thousand base pairs. Haplotype analysis considering or
without gaps revealed ten haplotypes (Fig. 2). The frequen-
cies of these ten haplotypes ranged from 1 (for h4, hS5, and
h8) to 31 (h9) (Fig. 2).

The neighbor-joining clustering of the 95 wheat cultivars
revealed the evolutionary relationships among ten haplo-
types (Fig. 3). Roughly, the clustering corresponds to four
major haplotype groups. The first distinct group with three
cultivars consisted of haplotype 1. The second group with
22 wheat cultivars was closely related to the first group and
consisted of haplotypes 2—4. The third and fourth groups
each with 35 cultivars consisted of haplotypes 8—10 and
haplotypes 5-7, respectively. These four groups of haplo-
types were named G1, G2, G3, and G4, respectively
(Fig. 2; Table 1), for ease of evaluating haplotype changes.
Associating these haplotype groups with the field leaf rust
resistance ratings of the tested cultivars (Table 1) confirmed
the leaf rust resistance conferred by the haplotype 1 of the
Lr21 locus (i.e., present in AC Cora, McKenzie, and
Lovitt), and revealed the leaf rust resistance conditioned by
genes at other resistance loci, rather than at the Lr2/ locus.
For example, the group G2 has one cultivar (i.e., Pacific),
G3 has three cultivars (i.e., Pasqua, AC Minto, and Lillian),
and G4 has two cultivars (i.e., Laura and Invader) with leaf
rust resistance; all of these resistances were not conditioned
by the haplotype 1 of the Lr21 locus.

A SCAR marker was developed to identify four haplo-
type groups and tested with four known haplotype groups
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regions are also given above. The X’s represent deletions in Lr21.
Thirteen SNPs are labeled, and four indels along with indel length (bp)
are displayed. The newly detected SNPs and indel in hexaploid wheat
are highlighted. Variations in two large indels (#2 and #4) are shown
with asterisk(s)

and cultivars with unknown haplotype groups. The patterns
of restriction fragment length polymorphism (Fig. 4) show
four haplotype groups are distinguishable, particularly the
G1 haplotype group, for the Lr2] allele. Seven cultivars
with known haplotype groups confirmed the expectation for
the SCAR marker. Four of the seven cultivars without Lr21/
sequencing (CDC Alsask, Fieldstar, Kane and Unity) were
found to be the G1 haplotype group, while Helios, Somer-
set and Infinity were G2, G3, and G4 haplotype groups,
respectively (Fig. 4).

Application of this SCAR marker to barley, oat, and
wild oat species revealed the presence of G2 haplotypes in
barley, G2 and G3 haplotypes in cultivated oat, G2 haplo-
types in A. fatua, and none in the three wild oat species
(results not shown). This result confirmed that the haplo-
type group G2 was the oldest in hexaploid wheat. Compari-
son of the first instances of the ten haplotypes within the
improved wheat gene pool (Fig.2) revealed that the
haplotypes 1, 4, 5, and 8 were newly derived ones, while
the others were the founder haplotypes in the gene pool.
The haplotype 2 represented by Red Fife was the common
founder haplotype in hexaploid wheat.

Assessments of ten haplotypes over the four breeding
periods revealed that haplotypes 6 and 7 occurred in all the
breeding periods, while the other haplotypes were present
only in some breeding periods (Table 2). Haplotype 1
occurred only in the recent breeding period, while haplo-
type 9 was missing in the first breeding period. Likelihood
ratio test demonstrates a significant association
(P <0.0001) between haplotypes and breeding periods.
Tracking the dominant haplotypes 9 and 7, through known
pedigrees, clearly revealed the genetic influences of the
early dominant cultivars Thatcher and Marquis. The
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Fig. 3 Neighbor-joining clus- Z IN
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Fig. 4 The restriction fragment length polymorphism of the Lr2/
functional region amplified by the SCAR primer pair, illustrating the
resistant haplotype and haplotype groups. Lr2] gene sequences are
available for the first seven cultivars shown with their haplotype
groups, but not for the last seven testing cultivars. The four testing cul-
tivars (CDC Alsask, Fieldstar, Kane and Unity) share the same pattern
of variation with Lr21 gene sequenced cultivars AC Cora, McKensize
and Lovitt, confirming the presence of the resistant haplotype in these
tested cultivars

number of haplotypes increased from four in the first two
breeding periods to eight in the last breeding period
(Table 2). Such a change was statistically significant
(P <0.025), based on the random permutation assessment.
The dominant haplotype group was changed from G3, G4,
to G2 over the four breeding periods. A similar pattern of

polymorphic sites were increased over the breeding peri-
ods. More haplotypes were observed in HRS than in SWS
and winter wheat. Haplotype numbers also increased over
the 100 years of wheat breeding.

The assessment of the changes in nucleotide diversity
(n x 10%) of the 95 wheat cultivars revealed a decrease
from 0.90 before 1935 to 0.72 during 1959-1993 and an
increase (1.23) after the release of the first Lr21 cultivar AC
Cora in 1994. Similar patterns of variation were observed
for HRS wheat released over the four breeding periods.
However, this pattern of variation is not consistent with the
increase of polymorphic sites from 7 to 12 over the same
time period. Positive selection was observed in HRS wheat
(Tajima’s D =2.247), not in the other two market classes
(Table 3). This positive selection occurred mainly in the
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Table 2 Percentages of wheat
cultivars in each breeding period

Breeding period/sample size®

for Lr2 1 haplotypes or haplotype Before 1935/23

1935-1958/15 1959-1993/34 After 1993/23

groups
Haplotype
hl 13.0
h2 34.8 2.9
h3 8.8 39.1
h4 6.7
h5 43
h6 34.8 6.7 8.8 8.7
h7 26.1 60.0 8.8 8.7
h8 4.3
h9 26.7 64.7 21.7
h10 4.3 5.9
Group
Gl 13.0
G2 34.8 6.7 11.8 39.1
# The dominant haplotype or G3 60.9 66.7 17.6 217
roup for each breeding period is
ﬁighﬁghte ot e EP G4 43 26.7 70.6 26.1
Table 3 Summary of measures of nucleotide sequence variation at the wheat Lr21 locus in 95 wheat cultivars
Group Sample Segregating HNP Diversity Selection Recombination Linkage
size site? n x 10° Tajima’s D¢ R, disequilibrium
Wall’s B
All cultivars 95 12 (2 +10) 10 1.20 2.631* 2 0.273
Winter wheat 11 9(2+7) 5 1.02 1.318 1 0.750
Soft white wheat 9 102+8) 3 0.73 —1.000 0 0.667
Hard red spring wheat 75 12 (2 +10) 7 1.15 2.247% 1 0.273
HRS grouping
Prior Thatcher (<1935) 20 72+5) 7 0.88 2.501%* 0 0.667
Thatcher (1935-1958) 13 10 (2+8) 3 0.76 —0.276 0 0.667
Canthatch (1959-1993) 28 102+8) 5 0.55 —0.501 1 0.556
AC Cora (>1993) 14 12 (2 +10) 5 1.40 1.758" 1 0.455
Period grouping
Before 1935 23 10(2+8) 4 0.90 1.055 0 0.556
1935-1958 15 102+8) 4 0.78 0.036 1 0.444
1959-1993 34 10 (2+8) 6 0.72 0.530 1 0.556
After 1993 23 12 (2 +10) 7 1.23 1.632 2 0.364

# Synonymous and non-synonymous polymorphic sites are given in parentheses, respectively

® Haplotype number inferred without gaps
¢ Significance of test: #P = 0.05; * P < 0.05; ** P < 0.01

HRS wheat before 1935 and after 1993 (Tajima’s
D =2.501 and 1.758, respectively). However, negative
Tajima’s Ds, although not statistically significant, were
observed for the cultivars released from 1935 to 1993.

The recombination assessment revealed at least two
recombination events at the Lr2]/ locus and a trend of
increase in genetic exchange for the cultivars released after
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1959 (Table 3). One recombination event occurred in the
winter wheat cultivars released from 1935 to 1958 and
another recombination happened in the HRS wheat culti-
vars released from 1959 to 1993. LD was lower in HRS
wheat (Wall’s B =0.273) than in winter and SWS wheat
(Wall’s B=0.75 and 0.667, respectively). Considering the
HRS wheat alone, LD was decreased over the four breeding
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periods; a similar pattern was observed for all the 95 wheat
cultivars (Table 3). The decay of LD was more severe for
the wheat cultivars after the introduction of the Lr2/ gene
into the gene pool, with a sharp drop of base pair distance
in the range of 200—400 bp (Fig. 5). This contrasts with the
cultivars released over the other three breeding periods, in
which the decay of LD was gradual in the range of 3,000 bp
(Fig. 5).

Discussion

This study represents a large resequencing effort to charac-
terize the Lr2] gene in an improved wheat gene pool and
the first comprehensive analysis to illustrate the patterns of
nucleotide sequence variation at a selected locus influenced
by the long-term plant breeding. The analysis revealed 13
SNPs, 4 indels, 10 haplotypes, and substantial genetic
changes at the locus. Non-synonymous polymorphic sites
and haplotype numbers were increased over the 100 years
of wheat breeding. Nucleotide diversity was reduced for the
cultivars released before 1993 and increased for those after
1993. Positive selection was observed in HRS wheat culti-
vars released before 1935. At least two recombination
events were inferred in winter and HRS wheat cultivars
released before 1994. LD was decreased over time. These
findings demonstrate not only the effectiveness of the wheat
breeding in the improvement of leaf rust resistance, but also
help to understand the genetic impacts of a long-term artifi-
cial selection on single loci (Zeng and Cockerham 1990;
Walsh 2005).

Direct breeding efforts to incorporate leaf rust resistance
genes at the Lr21] locus into hexaploid wheat were made in
1970s by introgressing the resistant Ae. fauschii line into
the early dominant cultivar Thatcher (Rowland and Kerber
1974). This introgression generated several cultivars with
the functional Lr21 allele with improved resistance to leaf

0 1000 2000 3000
Distance in bp

Fig. 5 The decay of linkage disequilibrium at the Lr2/ locus in 95
wheat cultivars. Five wheat cultivar groups shown are all 95 cultivars,
cultivars before 1935, cultivars from 1935 to 1958, cultivars from
1959 to 1993, and cultivars after 1993

rust (Fig. 4). Continued incorporation of additional leaf rust
resistance genes (e.g., Lr39) from diverse germplasm, par-
ticularly from CIMMYT and the USA, would also have
introduced different [r21 alleles (Singh et al. 2004). Conse-
quently, many cultivars released after 1993 displayed more
non-synonymous polymorphic sites, more haplotype num-
bers, and higher nucleotide diversity than the cultivars
released before 1994 (Table 3). Also, marginally significant
positive selection and decreased LD were also detected in
the cultivars released after 1993 (Table 3). Thus, these
genetic changes clearly illustrate the effectiveness of the
exotic gene introgression in the improvement of leaf rust
resistance in hexaploid wheat.

The breeding efforts before 1970 were not directly
intended to modify the genes at the Lr2/ locus, but they
also generated a substantial impact on the locus. Recom-
bination occurred in winter wheat cultivars released from
1935 to 1958 and in HRS wheat cultivars released
from 1959 to 1993. Positive selection was detected in
HRS wheat cultivars released before 1935. Nucleotide
diversity was gradually reduced for those cultivars
released before 1994. These genetic changes may reflect
the consequences of hybridization and linkage drag
(Hanson 1959; Robertson 1960; Hill and Rasbash 1986)
introduced by various breeding efforts before 1970. These
breeding efforts may have targeted other genes located on
the chromosome 1DS, selected the chromosomal seg-
ments where the Lr2] locus resides through repeated
backcrossing, and indirectly introduced different Lr21
alleles into the breeding lines. Thus, a recombination of
different Lr21 alleles could occur, even without direct
selection on the Lr21 gene.

To understand how breeding efforts indirectly influ-
enced the Lr21] locus, we surveyed the genes reported on
the same chromosome 1DS from the GrainGenes database
(http://wheat.pw.usda.gov/GG2/index.shtml), and found
three storage proteins (triticins, glutenins, gliadins), two
isozymes (hexokinase, glucosephosphate isomerase), two
stem rust variants (Sr/8, Sr33), and one red glume locus.
One aphid (Liu etal. 2001) and one powdery mildew
(Huang et al. 2000) resistance genes were also reported on
IDS. These reported genes are largely associated with
grain quality and stem rust resistance. Thus, it is possible
that the breeding efforts before 1970 for the improvement
of grain quality and stem rust resistance played an indirect
role in influencing the Lr21 locus. This reasoning matches
well with the dominance of Thatcher, with it superior qual-
ity and durable stem rust resistance, in Canadian wheat
breeding programs from 1940 to 1970. Extensive back-
crossing to Thatcher and frequent utilization of its back-
cross derivatives (McCallum and DePauw 2008) may have
selected and/or maintained the genes associated with grain
quality and stem rust resistance on the chromosome 1DS,
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and consequently influenced indirectly the nearby Lr21
locus.

Interestingly, no partially functional haplotypes were
identified in these assayed cultivars. The haplotype 1 is
fully functional, while the other nine haplotypes are consid-
ered to be pseudogenes due to sequence truncation and
frame shift before the LRR region (Huang et al. 2009).
A partially functional haplotype would be the derived hap-
lotype 1 with some deletion in the LRR region. It is possi-
ble that such a partially functional haplotype exists, given
the levels of intragenic recombination observed here and
reported by Huang et al. (2009). Also, the haplotype 2 as
represented by Red Fife was the common founder allele in
hexaploid wheat. Linking this finding to those reported
Ae. tauschii alleles (Huang et al. 2009) suggests that more
than two hybridizations may have been involved with
wheat evolution. Thus, tracing the haplotype 2 in other
grass plants may shed some light on the evolution of wheat
and other cereal crops at the Lr21 locus.

The characterization of the Lr2] gene in this set of
diverse wheat germplasm is significant for further improve-
ment of leaf rust resistance. More haplotypes were found
and four major haplotype groups were named. As only one
functional haplotype is identified so far, associating
detected haplotypes with the field leaf rust resistance rat-
ings (Table 1) should offer a useful means to separate the
rust resistance conditioned by genes from different loci. For
example, such an association confirmed that the leaf rust
resistance in cultivar Pasqua carrying Lril, Lri3, Lri4b,
Lr30, and Lr34 (Dyck 1993; McCallum et al. 2007) was not
conditioned by genes at the Lr2] locus. The newly devel-
oped SCAR marker can be applied to identify the resistant
haplotype and four named haplotype groups. Thus, it could
supplement the use of the early released diagnostic marker
(KSUD14-STS; Huang and Gill 2001) not only in wheat,
barley, and oat breeding, but also in the inference of Lr2]/
gene evolution.

The findings presented here also demonstrate the useful-
ness of a population-based resequencing analysis of
improved crop gene pools in understanding the effective-
ness of plant breeding in genetic modification. With more
breeding target genes being cloned and the reduced cost of
DNA sequencing, this approach will become more practical
and feasible. Applications of this approach will help to
identify alleles of interest for plant breeding, to reveal
detailed genetic changes at breeding target loci in an
improved crop gene pool or breeding program, and to
understand the genetic impacts of a long-term artificial
selection on plant genomes.
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