











































































































































































































severity, visual rating index, and Fusarium-damaged kernels. The phenotypic
distribution for all five disease infection measurements was bimodal, with lines
resembling either the resistant or susceptible checks and parents. All of the four field
traits for FHB resistance mapped qualitatively to a coincident position on chromosome
6BS, flanked by GWM133 and GWM644, and is named FAb2. The greenhouse-DS trait
mapped 2 cM distal to FAb2. Qualitative mapping of Fhb2 in wheat provides tightly
linked markers that can reduce linkage drag associated with marker assisted selection of

Fhb2 and aid the pyramiding of different resistance loci for wheat improvement.

4.2 Introduction

Fusarium head blight (FHB), caused primarily by Fusarium graminearum
Schwabe (teleomorph Gibberella zeae (Schwein.) Petch), has become the most serious
fungal disease of small cereal grains in Manitoba, eastern Saskatchewan, and eastern
Canada. FHB infection is favoured by warm humid conditions during flowering and
early stages of kernel development (Gilbert and Tekauz 2000). Lightweight Fusarium-
damaged kernels (FDK) may contain high concentrations of mycotoxins, such as
deoxynivalenol (DON), rendering the grain unsuitable for food or feed (Gilbert and
Tekauz 2000).

Producers can follow a number of management practices to help control FHB;
however, the most efficacious and economical strategy to this devastating problem is to
breed genetic disease resistance into adapted cultivars.  Breeding for resistant cultivars
is difficult given the complexity of FHB resistance, the need to screen host plants at
maturity, and the large environmental effects on disease expression. Several types of

FHB resistance in wheat have been proposed (Bai and Shaner 1994; Yang 1994;
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McMullen et al.. 1997). Resistance to initial infection (Type I) is assessed as the
incidence of infection in the presence of natural or augmented inoculum (e.g. spray
inoculations). Resistance to spread within the spike (Type II) is most accurately assessed
as the spread of infection within the spike following single/dual floret injections
(SFI/DFI). Other types of resistance are not as well characterized. Disproportionate
reductions in the accumulation of DON (i.e., statistically uncorrelated with Type I or II
resistance) are described as Type III resistance (Mesterhazy 1995).

The most common sources of genetic resistance are derived from the Chinese
wheat cultivar Sumai 3 (Yang 1994; Bai and Shaner 1994; Wan et al.. 1997) and
resistance to FHB is quantitatively inherited (Chen 1983; Lin et al.. 1992; Yang 1994;
Bai et al.. 2000). Problems associated with greenhouse- and field-based screening for
FHB resistance include dependence on the environment for symptom development, the
high cost of phenotyping, and significant time and resource requirements (Yang 1994,
Bai and Shaner 1994; Campbell and Lipps 1998). Development of DNA marker-based
screening for the presence of resistance genes may make selection for resistance more
efficient in breeding programs (Bai et al.. 1999; Kolb et al.. 2001).

Exploitation of molecular markers associated with FHB resistance genes has
focused on Type II FHB resistance (Bai et al.. 1999; Waldron et al.. 1999; Anderson et
al.. 2001; Buestmayr et al.. 2002; Zhou et al.. 2002; Yang et al.. 2003). Previous QTL
mapping studies have revealed major Sumai 3-derived Type II FHB resistant QTL on
chromosomes 3BS (Waldron et al.. 1999; Anderson et al.. 2001; Buerstmayr et al.. 2002;
Somers et al.. 2003; Zhou et al.. 2002; Yang et al.. 2003), 5A (Ban and Suenaga 1998; Xu

et al.. 2001; Buesrstmayr et al.. 2002) and 6B (Anderson et al.. 2001; Yang et al.. 2003).
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Understanding the genetics of FHB resistance and mapping the location of genes will be
necessary to facilitate the introgression and pyramiding of different FHB resistance genes
into adapted wheat.

To determine the map location of individual genes controlling quantitative traits,
substitution lines, recombinant inbred lines (RILs) or near-isogenic lines (NILs) can be
developed to isolate the gene of interest as a Mendelian factor. The objective of this
research was to study the FHB resistance QTL on chromosome 6B (Yang et al.. 2003) by
quantifying the phenotypic variation in disease incidence (DI), disease severity (DS),
visual rating index (VRI), and Fusarium-damaged kernels (FDK) and qualitatively map

the resistance gene.

4.3 Materials and methods

4.3.1 Population, genotyping and selection of recombinants

Single-seed descent was used to develop a recombinant inbred population of
1,440 Fs.7 lines from the cross BW278 (AC Domain*2/Sumai 3, FHB resistant) and AC
Foremost (HY320*5/BW553//HY320*6/7424-BW5B4, FHB susceptible). Sumai 3 was
the source of FHB resistance in the population, which segregated for three known FHB
resistance QTL on chromosomes 3BSc, 5A, and 6B. The QTL identified on 3BSc is
located proximal to the centromere (Somers et al.. 2003). The 1,440 Fs.; recombinant
inbred lines (RILs) were genotyped using microsatellite markers on chromosome 6B
(WMC104, WMC397, GWM219), 5A (GWM154, GWM304, WMC415), and 3BS
(WMC78, GWM566, WMC527) (Somers et al., 2004) to facilitate selection of RILs

homozygous susceptible for QTL intervals on 3BSc, 5A, and recombinant for the interval
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on 6B carrying the FHB resistance gene (Table 4.1). BW278 is known to lack resistance
alleles at FhbI (Cuthbert et al.. 2006) on 3BS near GWM493 (data not shown).

Seed from the 1,440 RILs were germinated on moist filter paper in Petri dishes
for one week in the dark at 21°C. The leaf tissue was harvested and lyophilized, then
DNA was extracted using the Qiagen DNeasy 96 Plant Kit (Qiagen, Mississauga, Ont.)
and quantified by fluorimetry using Hoechst 33258 stain. DNA from five plants per line
was collected and bulked for initial genotyping of the 1,440 lines. Lines showing
heterogeneity or heterozygosity were eliminated from the project. DNA was collected
from five new plants per line for genotyping of the selected recombinant lines, and no
heterogeneity or heterozygosity was detected within the families of the final selected
recombinant population. Genotypic data for the population was collected using M13-
tailing and fluorescent capillary electrophoresis on an ABI3100 genotyper (Applied
Biosystems Inc., Foster City, Calif.). M13-tailing required adding the M13 sequence
(CACGACGTTGTAAAACGAC) to the 5’ end of the forward primer during primer

synthesis (Schuelke 2000). The PCR conditions were: 24 ng DNA, 1.5 mM MgCl,, 50

mM KCl, 0.8 mM dNTPs, 2 pmol reverse primer, 0.2 pmol forward primer, and 1.8 pmol
M13 primer (CACGACGTTGTAAAACGAC) fluorescently labelled with 6-FAM, HEX,
or NED (Applied Biosystems Inc.), and 0.5 U Taq DNA polymerase (Promega, Madison,
Wis.). Thermal cycling included: 94°C — 2 min, 30 cycles of 95°C — 1 min, (0.5°C/s to
61/51°C), 61/51°C — 50 sec, (0.5°C/s to 73C), 73°C — 1 min, 1 cycle 73°C — 5 min. The
internal molecular weight standard for the ABI3100 was Genescan 500-ROX (Applied

Biosystems Inc.). Data collected by fluorescent capillary electrophoresis was first
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converted to a gel-like image using  Genographer (available at

http://hordeum.oscs.montana.edu/genographer).
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Table 4.1: Primer sequences, annealing temperatures, and allele sizes of markers on chromosome 6B used in the BW278/AC Foremost
population for mapping FAb2 in spring wheat

Marker Forward Primer (5'—3") Reverse Primer (5'—3") Chromosome  Anneal  Allele References

0 Size

Sumai

WMC104 TCTCCCTCATTAGAGTTGTCCA ATGCAAGTTTAGAGCAACACCA 6B 61 153 http://wheat.pw.usda.gov
GWM132 TACCAAATCGAAACACATCAGG CATATCAAGGTCTCCTTCCCC 6B 61 134 Roder et al.. (1998)
CFD13 CCACTAACCAAGCTGCCATT TTTTTGGCATTGATCTGCTG 6B 61 Null http://wheat.pw.usda.gov
GWM518 AATCACAACAAGGCGTGACA CAGGGTGGTGCATGCAT 6B 61 208 Réder et al.. (1998)
GWM494 ATTGAACAGGAAGACATCAGGG TTCCTGGAGCTGTCTGGC 6B 61 217 Rdoder et al.. (1998)
GWMS508 GTTATAGTAGCATATAATGGCC  GTGCTGCCATGATATTT 6B 51 156 Roder et al.. (1998)
WMC398 GGAGATTGACCGAGTGGAT CGTGAGAGCGGTTCTTTG 6B 61 173 http://wheat.pw.usda.gov
GWM133 ATCTAAACAAGACGGCGGTG ATCTGTGACAACCGGTGAGA 6B 61 120 Rdder et al.. (1998)
GWM644 GTGGGTCAAGGCCAAGG AGGAGTAGCGTGAGGGGC 6B 61 206 Réder et al.. (1998)
WMC397 AGTCGTGCACCTCCATTTTG CATTGGACATCGGAGACCTG 6B 61 175 http://wheat.pw.usda.gov
WMC756 TTCCGTGGCCTCTCGTTC CATTGCCATCAGTCACCCTC 6B 51 231 http://wheat.pw.usda.gov
GWM88 CACTACAACTATGCGCTCGC TCCATTGGCTTCTCTCTCAA 6B 61 248 Roder et al.. (1998)
WMC179 CATGGTGGCCATGAGTGGAGGT CATGATCTTGCGTGTGCGTAGG 6B 61 217 http://wheat.pw.usda.gov
WMC182 GTATCTCACGAGCATAACACAA GAAAGTGTATGGATCATTAGGC 6B 61 180 http://wheat.pw.usda.gov
GWM608 ACATTGTGTGTGCGGCC GATCCCTCTCCGCTAGAAGC 6B 61 163 Roder et al.. (1998)
GWM107 ATTAATACCTGAGGGAGGTGC GGTCTCAGGAGCAAGAACAC 6B 61 209 Rader et al.. (1998)
WMCI152 CTATTGGCAATCTACCAAACTG TCTCTTCTTGCCACATATTCGT 6B 61 256 http://wheat.pw.usda.gov
BARC24 CGCCTCTTATGGACCAGCCTAT GCGGTGAGCCATCGGGTTACAAAG 6B 51 211 http://www.scabusa.org
GWM219 GATGAGCGACACCTAGCCTC GGGGTCCGAGTCCACAAC 6B 61 198 Roder et al.. (1998)
GWM154 TCACAGAGAGAGAGGGAGGG ATGTGTACATGTTGCCTGCA 5A 51 121 Roder et al.. (1998)
GWM304 AGGAAACAGAAATATCGCGG AGGACTGTGGGGAATGAATG 5A 61 234 Roder et al.. (1998)
WMC415 AATTCGATACCTCTCACTCACG  TCAACTGCTACAACCTAGACCC 5A 61 176 http://wheat.pw.usda.gov
WMC78 AGTAAATCCTCCCTTCGGCTTC AGCTTCTTTGCTAGTCCGTTGC 3BSc 61 285 http://wheat.pw.usda.gov
WMCS527 ACCCAAGATTGGTTGCAGAA GCTACAGAAAACCGGAGCCTAT 3BSc 61 402 http://wheat.pw.usda.gov
GWMS566 TCTGTCTACCCATGGGATTTG CTGGCTTCGAGGTAAGCAAC 3BSc 61 142 Roder et al.. (1998)
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4.3.2 Fusarium head blight phenotyping — greenhouse

The 89 RILs and parents from the mapping population were randomly arranged
and grown in the greenhouse with supplemental lighting set for 16 hour daylight. The
greenhouse temperature was monitored and recorded daily and averaged 22°C during the
day with a range of 18 to 25°C and 18°C at night with a range of 17 to 21°C. The
inoculum used throughout the experiment was a mixture of virulent strains of Fusarium
graminearum Schwabe (JM-6-00;, EEI-23-00; RK-9-02; RK-16-02) provided by Dr.
Jeannie Gilbert, Agriculture and Agri-Food Canada — Cereal Research Centre, Winnipeg,
Manitoba. The inoculum was produced as described by Sung and Cook (1981). Ten
single spikes from 10 plants for each Fs.; RIL and parent were inoculated to assess FHB
resistance. A single primary spike on each recombinant plant was inoculated when the
spike reached 50% anthesis. Each spike was inoculated by injecting a 10 pl
macroconidial suspension (50,000 spores/mL) between the lemma and palea of the
primary and secondary florets positioned at the inoculation point. The inoculation points
on each spike were the spikelet positioned 2/3 of the way from the base of the spike and
the spikelet immediately above that point. For example, the inoculation points were the
adjacent 8™ and 9™ spikelets on a spike that had a total of 12 spikelets (12 x 2/3 = 8).
Following point inoculation, plants were incubated in a chamber at 100% relative
humidity for 24 hours and then returned to the greenhouse bench. Ratings were
performed at 7, 14, and 21 days post-inoculation. Disease severity (DS) ratings were
assessed by counting the number of infected spikelets directly below the inoculated
florets and excluding the inoculated florets. The number of infected spikelets was only

counted below the point of inoculation since infection can restrict the flow of water to
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distal florets and cause early senescence. The percentage of infected florets was averaged
for each plant and RILs were classified as resistant or susceptible based on the bimodal

distribution of ratings.

4.3.3 Fusarium head blight phenotyping - field trials

The field trials included 97 entries (89 RILs and 8 check varieties: AC Barrie,
AC Foremost, AC Morse, AC Vista, Alsen, BW278, CDC Teal, and FHB 37) which were
screened in Fusarium head blight nurseries at two locations in southern Manitoba
(Glenlea and Carman) during the 2003 and 2004 field seasons (Appendix 8.3). Trial
entries and checks were replicated four times in a randomized complete block design.
Selected checks (AC Morse [susceptible], CDC Teal [susceptible], Alsen [moderately
resistant], and FHB37 [resistant]) were placed every 50 rows to monitor disease
development throughout the field. Plots in Carman 2003 and 2004 consisted of a single 1
meter row with 17 cm row spacings. Plots at Glenlea consisted of a single 1.5 meter row
in 2003 and 0.9 meter row in 2004 row both with 30 cm row spacings. Sowing density
was approximately 60 seeds per row. The spikes of the entire row were spray-inoculated
at 50% anthesis with a 50 ml inoculum solution of virulent strains of Fusarium
graminearum (2003 [JM-6-00, EEI-23-00, RK-9-02, RK-16-02] and 2004 [RK-16-02,
MS/DS-15-03, MS/DS-3-03, EM/MB-19-03, MB/DS/DB-47-03]) using a CO; backpack
sprayer calibrated at 30 psi. Re-inoculation of the same rows was performed two and
three days following the first inoculation in the Glenlea and Carman nurseriés,
respectively. The inoculum solution was a suspension of 50,000 macro-conidia spores /

mL in water and Tween 20. There was a difference in isolates used for the inoculation
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procedure from year to year, which is standard procedure to ensure current isolates are
being used for testing of breeding material. The nursery at Glenlea in 2003 and 2004 was
irrigated with a sprinkler system for 30 minutes following each inoculation to favor
development of the disease. Plots at the Carman nursery were irrigated two hours post-
inoculation for five minutes every hour for twelve hours. All plots at Carman were mist-
irrigated on alternate days for a period of ten days.

Disease incidence (DI - initial infection) and disease severity (DS - disease spread
within the spike) of each row were rated 18 to 21 days post-inoculation using a 1
(resistant) -10 (susceptible) scale. Visual rating index (VRI) was calculated (VRI = DI x
DS) for each line. Twenty-five spikes per row were harvested at random and stored at -
20°C the day visual field ratings were performed to later verify the visual rating in the
field.

Nurseries were hand harvested at the end of the season when they reached
physiological maturity using a Whitecapper — offset double row thresher (Glenlea 2003)
or Wintersteiger Elite combine (Carman 2003/2004, Glenlea 2004). The threshing
mechanism was set at a normal setting on the combine; however, the wind speed was
decreased and sieves were opened to ensure the Fusarium-damaged kernels were
maintained in the harvested samples. Harvested seed samples were placed in paper bags
and dried for one week at 36°C using a forced air system. A 50 gram sample from each
plot was visually assessed to determine the % of FDK (Appendix 8.4). Fusarium-
damaged kernels were identified as shriveled, light-weight and chalky white kernels with
occasional pink colouration. These kernels were distinguishable from plump visually

disease free kernels within a sample.
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4.3.4 Construction of the genetic map

A total of 40 microsatellite markers on chromosome 6B (Somers et al.. 2004)
were screened for polymorphism between the parents of the population. Polymorphic
marker primer sequences, annealing temperatures, and allele sizes are listed in Table 4.1.
Nineteen polymorphic markers on 6B were used to genotype the RILs and create the
genetic map. JoinMap, V3.0 (Biometris, Wageningen, The Netherlands,

http://www.joinmap.nl) was used to determine the marker order and map distances.

4.3.5 Statistical analysis

Analysis of variance (ANOVA) for DI, DS, VRI, and FDK for each site and a
combined analysis across the four site years were performed using the “PROC GLM”
procedure of the SAS software package (SAS Institute Inc., Version 8.2). A
homogeneity test was conducted to ensure the data could be combined over site years.
The model statement used in the combined analysis was “variables = env rep(env) entry
entry*env. All factors in this statement with the exception of entry were considered to be
random. The F-test values were considered approximate since the trait values were not

normally distributed.

4.4 Results

There were 89 RILs identified from the 1,440 Fs; mapping population to be
homozygous susceptible for FHB resistance QTL on 3BSc and 5A and recombinant near
the FHB resistance 6B QTL interval. The interval distance between flanking markers

WMC104 and GWM219 on 6BS was 32 cM (Figure 4.2).
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Figure 4.2: Phenotypic distribution based on FHB infection of 89 Fs; RILs from the cross
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Percent infection was measured from one replicated
greenhouse (GH) experiment and replicated field disease nurseries combined over four site-years.
Traits included disease severity (DS), disease incidence (DI), visual rating index (VRI = DS x
DI), and Fusarium damaged kernels (FDK). Resistant and susceptible parent and check lines
showed infection phenotypes within the respective modes of the distributions.
arrows indicate the division point to classify lines as resistant or susceptible.
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4.4.1 Fusarium head blight phenotyping

4.4.1.1 Greenhouse trials
Ten plants of each RIL and parental check were inoculated in the greenhouse using DFI
on a single primary spike to assess disease severity. The range in GH-DS (1-10)
infection ratings showed a bimodal distribution (Fig 4.1 GH-DS). The range in GH-DS of
RILs classified as resistant was 1.5-5.3 and for lines classified as susceptible was 7.6-
10.0. There was very low variability (standard error: resistant RILs 4.1 + 0.25 and
susceptible RILs 9.3 + 0.25) within the ten plants of each RIL and no overlap between the
resistant and susceptible classes (Fig. 4.1). Resistant parental checks showed a disease
severity range of 2.1-2.3 (resistant) and the susceptible check was 9.3. Darkening of the
inoculation point was visible by day 7; however, disease progression was minimal by day
14 for the susceptible RILs and susceptible parental check. Disease development
progressed basally from the inoculation point and there was a substantial change in
infection ratings for susceptible RILs between day 14 and 21 post-inoculation. The
population segregated 41 resistant to 48 susceptible plants, fitting a 1:1 chi-square ratio

(p<0.10).
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6B

0 wmc104

1— gwm132

3 gwm518

4 cfd13

5 gwm494

6 gwm508

7 wmc398

9 gwm133 C-6BS5-0.76
11 GH-DS

13 Fhb2

15 gwm644 C-6BS5-0.76
17 wmc397

18 wmc756

19 gwma88

20 wmc179

21 {gwm608 wmc182

23 wmc152

24 gwm107

25 barc24
32—Lj—gwm219

Figure 4.2: Genetic map position of Fhb2 on chromosome 6BS in the cross AC
Domain*2/Sumai 3//AC Foremost. A population of 89 RILs recombinant for a segment of
chromosome 6B was phenotyped for FHB infection symptoms and RILs were classified as
resistant or susceptible based on replicated greenhouse and field disease nurseries combined over
four site years. Recombination distance is shown on the left in ¢tM and the Chinese Spring
deletion bin assignment for GWMI133 and GWM644 (Sourdille et al.. 2004) are shown on the
right.

4.4.1.2 Field trials
Environmental data was collected and conditions differed between the 2003 and

2004 field seasons. Mean temperature and precipitation during inoculation and prior to

rating (July and August) are the most critical for infection and disease development.
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High amounts of precipitation and flooding in the spring of 2004 affected plant
establishment at Glenlea and led to loss of one of the replicates. Despite the differences
in temperature and precipitation between years, the mean infection level for all field traits
did not differ between the years.

The ANOVA for combined site-years indicated all sources of variation for Field -
DI, -VRI, -FDK, and —-DS were significant with the exception of environment for Field -
DS (Table 4.2). The phenotypic distribution of all field traits over site years was bimodal
(Fig. 4.1). All 89 RILs that were classified showed the same classification for all four
field traits. The population segregated 45 resistant to 44 susceptible RILs for all field
traits, fitting a 1:1 chi-square ratio (p<0.05) (Fig. 4.1). The correlation between the
averaged greenhouse and field data measurements for the 89 RILs showed all correlations
were high and statistically significant (a¢=0.01) (Table 4.3).

There were 12 RILs that were recombinant between the GH-DS and field traits.
Four RILs were resistant for GH-DS and susceptible for field traits with a range of 47-
52% and a mean rating of 50% infection. There were 8 RILs susceptible for the GH-DS
rating and resistant for the field traits with a range of 78 — 100% and a mean rating of
89% infection. The correlation based on DS between the visual assessment of each row
in the FHB field nurseries and the harvested spike analysis (25 heads) was also high:
Carman 2003 (r=0.91), Glenlea 2003 (r=0.89), Carman 2004 (r=0.88), and Glenlea 2004

(r=0.85).
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Table 4.2: Analysis of variance for four phenotypic field variables (disease incidence,
disease severity, visual rating index, and Fusarium-damaged kernels) from two field
locations (Glenlea and Carman, MB) over two years (2003 and 2004).

Source df Type III SS Mean F-value P-value

square

Variable: Disease Incidence (DI)

Env. 3 49.7 16.6 16.0 <0.0001
Rep(env) 11 25.7 23 23 0.0102
Entry 102 6301.9 61.8 59.8 <0.0001
Env*Entry 304 510.7 1.7 1.6 <0.0001
Error 1,115 1152.9 1.0

Variable: Disease Severity (DS)

Env. 3 42 1.4 1.2 03118
Rep(env) 11 29.1 2.6 2.3 0.0095
Entry 102 7712.3 75.6 65.1 <0.0001
Env*Entry 304 607.0 2.0 1.7 <0.0001
Error 1,115 1295.8 1.2

Variable: Visual Rating Index (VRI)

Env. 3 835.0 2783 4.2 0.0055
Rep(env) 11 1862.2 169.3 23 0.0031
Entry 102 759439.1 7445.5 113.3 <0.0001
Env*Entry 304 36144.5 118.9 1.8 <0.0001
Error 1,115 73281.5 65.7

Variable: Fusarium-damaged kernels (FDK)

Env. 3 13106.7 4368.9 36.5 <0.0001
Rep(env) 11 22215 202.0 1.7 0.0708
Entry 102 924706.9 9065.8 75.8 <0.0001
Env*Entry 304 835355 274.8 23 <0.0001
Error 1,115 133352.1 119.6
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Table 4.3 Correlation coefficients (r) calculated using averaged values for greenhouse and
field data measurements from two field locations (Glenlea and Carman, MB) over two
years (2003 and 2004).

Greenhouse/Field Data Measurements

Greenhouse - DS Field - VRI Field - DI Field - DS  Field - FDK

Greenhouse DS

Field - VRI 0.75

Field - DI 0.74 0.99

Field - DS 0.78 0.94 0.92

Field - FDK 0.73 0.97 0.97 0.91
4.4.2 Genetic map

A genetic map was constructed by genotyping the 89 RILs with 19 polymorphic
microsatellite markers on chromosome 6B (Table 4.1). The marker order was identical to
the wheat consensus map (Somers et al.. 2004), with the exception of markers GWMS518
and CFD13; and GWM608 and WMC182, which were inverted. The total map length for
the population was 32 ¢cM (Fig. 4.2) compared to 42 cM on the wheat consensus map
(Somers et al.. 2004). The 89 RILs were classified as resistant or susceptible using five
disease infection measurements (Field-DI, Field-DS, Field-VRI, Field-FDK and GH-DS).
All of the four field traits mapped to a coincident genetic position on chromosome 6BS
flanked by GWMI133 and GWM644. This gene controlling field resistance to FHB is
here named Fhb2. The GH-DS mapped 2 cM distal to Fhb2 due to the presence of 12

RILs which were recombinant between GH-DS and field traits (Fig. 4.2).
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4.5 Discussion

There are inherent difficulties associated with phenotypic characterization of FHB
due to methodological problems of inoculation and confounding effects of the
environment (Andersen 1948; Hanson et al.. 1950; Scott 1927). The present study
decreased this variability and increased the reproducibility in phenotyping FHB
resistance by focusing on variables that could be controlled. This included the
development of a large RIL mapping population that segregated for a single major FHB
resistance gene, multiple site-years of field phenotyping, and indoor DFI phenotyping.

The significant level of variation for all field traits (Table 4.2) may be due to the
varying level of disease pressure for combined site years, differences in isolates used and
differences in the type of irrigation system used between locations. Statistically, the most
significant factors affecting FHB ratings in the population were entry and env*entry
interaction. The env*entry interaction for Field-DI, Field-DS, Field-VRI and Field-FDK
compared to the entry effect is relatively small since the sum of squares for entry is more
than 10 fold higher than the sum of squares for the env*entry interaction (Table 4.2).
There is no overlap in the two classes of RILs (Fig. 4.1) therefore the env*entry
interaction is more a function of annual differences in values as opposed to overlapping
phenotypic classes.

The ANOVA showed that the entries were highly significant for all field traits
and using the phenotype distribution each RIL could be classified as either resistant or
susceptible (Table 4.2, Fig. 4.1). The experimental design and data collection methods

were effective in removing these sources of variation from the entry effects.
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The DS was measured both in the greenhouse using DFI and in the field using
spray inoculation to ensure consistency amongst ratings and proper characterization of
the RILs. There were 12 RILs that were recombinant between the GH-DS and field
traits. The overall rating results indicated the GH-DS levels were greater than the field
DS (Fig. 4.1); however, the GH-DS and field DS were highly correlated (r=0.78). The
data showed all four field measurements of FHB resistance mapped to one coincident
location on chromosome 6BS, represented by FAhb2. The GH-DS measurement of FHB
resistance mapped 2 cM distal to Fhb2 due to the presence of the 12 recombinant lines
between GH-DS and Fhb2.

This study provided an approach to qualitatively map the FAb2 gene using the
Sumai 3 source of resistance in a large mapping population by collecting phenotypic data
from both the field and greenhouse. The total genetic distance between the two flanking
markers WMC104 and GWM219 on the wheat consensus map is 42 cM and 32 ¢cM in the
present population. The main difference in genetic distance between the two populations
is attributed to the map distance between markers CFD13 and GWMS518 in the wheat
consensus map of 10 ¢cM versus 1 ¢cM in the BW278/AC Foremost map. The increased
genetic distance may be due to differences in background genetics, population types, and
population sizes used to create the wheat consensus map.

The distance between flanking markers GWM133 and GWM644, and Fhb2 is 2
and 4 cM, respectively. Comparisons of physical and genetic maps of wheat indicate that
most genetic recombination occurs in gene-rich, telomeric regions (Gill et al.. 1996; Faris
et al.. 2000). Fhb2 is shown to map to 6BS, proximal to the centromere, since the

flanking markers GWM133 and GWM644 are assigned to deletion bin C-6BS5-0.76
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(Sourdille et al.. 2004) (Fig. 4.2). In the study by Yang et al.. 2003, QTL analysis of
chromosome 6B for FHB resistance in the population DH181 (Sumai 3 derivative)/AC
Foremost was completed evaluating Type I resistance in the greenhouse using SFI. The
results of the research revealed a major QTL on chromosome 6B contributes to FHB
resistance. The most important microsatellite marker in the study located on 6B was
GWM644 and explained 21% of the phenotypic variation in DHI181(Sumai 3
derivative)/AC Foremost population. An additional study conducted by Shen et al..
(2003) developed a RIL population from the cross of Ning 894037 and Alondra. Type II
resistance was evaluated in the field and greenhouse using SFI. The QTL on 6B was
found to be closest to marker GWM644. Based on the location of markers on the wheat
consensus map, these intervals in these two studies are coincident on 6BS proximal to the
centromere (Somers et al.. 2004; Sourdille et al.. 2004). The present results indicated
there was one gene, Fhb2, controlling FHB field resistance on 6BS and an additional
locus 2 cM distal to Fhb2 controlling FHB Type II resistance. Fhb2 was estimated to
map within 2 ¢cM of the QTL intervals reported by Yang et al.. (2003) and Shen et al..
(2003), suggesting the FHB resistance QTL on 6BS and FAb2 are likely coincident.

In summary, Fhb2 was successfully mapped to 6BS and confers field resistance to
FHB. The large population design with a fixed susceptible background, qualitative
mapping and comparative mapping were used to attain a precise map position of Fhb2.
Fhb2 provides FHB field resistance as a single gene present in a susceptible background.
Yang et al.. (2003) reported a coefficient of determination on GH-DS of 21% for the
microsatellite marker GWM644 on 6BS which reduced FHB severity by 52%. In the

present study the resistant allele on 6BS reduced FHB GH-DS by 56% when compared to
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the RILs carrying the susceptible allele. A more precise map location should reduce
linkage drag associated with marker-assisted selection and assist with efficient and

effective pyramiding of different FHB resistance genes for wheat improvement.
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5.0 MAPPING OF ADULT LEAF RUST RESISTANCE GENE, LR34,
AND THE INTERACTION WITH FUSARIUM HEAD BLIGHT
RESISTANCE GENE, FHB2, IN SPRING WHEAT (TRITICUM
AESTIVUM L.).

5.1 Abstract

Leaf rust and Fusarium head blight (FHB) are two of the most destructive spring wheat
diseases. The ability for breeders to develop spring wheat varieties with enhanced
resistance levels simultaneously may involve the resistance genes Lr34 and Fhb2; and
therefore, understanding their interaction is important. A large mapping population of
2,300 recombinant inbred lines (RILs) was developed from the cross BW278/AC
Foremost. The population segregated for two known leaf rust resistance genes Lrl6,
Lr34 and one unidentified resistance gene tentatively named LrF, and the FHB resistance
gene Fhb2 on 6BS. There were 253 of these RILs that carried the susceptible allele for
Lrli6 and LrF and were recombinant between markers GWM1220 and GWMI130
flanking Lr34 and segregated for Fhb2. These RILs were evaluated for leaf rust severity
in the field during 2003 and 2004 to develop a high density map for Zr34. A second
group of 89 RILs from the same cross were genotypically selected to be fixed resistant
(45 RILs) or susceptible (44 RILs) for Fhb2 and segregated for varying combinations of
Lri6, LrF, and Lr34. This group of RILs was evaluated for leaf rust using growth
cabinet inoculation and for Fusarium head blight in the field during 2003 and 2004. The
phenotypic distribution for leaf rust was bimodal for both groups of RILs and Lr34 was
mapped on 7D in both RIL populations. Leaf rust resistance gene Lr34 is known to

enhance the level of disease resistance to many diseases in addition to its effects on leaf

-77 -



rust. However, there was no clear positive enhancement of FHB resistance when Lr34

and the unlinked gene, F/b2 resistance alleles were present together.

5.2 Introduction

Leaf rust, caused by Puccinia triticina Eriks. (Anikster et al.. 1997) (synonym P.
recondita Rob. Ex Desmaz f.sp. tritici), is a major disease of wheat (Triticum aestivum
L.) worldwide. The disease severity ranges from year to year; however, annual average
yield losses in western Canada were estimated at $88 million annually between 2001 and
2005 (McCallum et al.. 2007). Genetic rust resistance offers a cost-effective strategy to
reduce losses in wheat from attack by rust pathogens. To date, more than 50 leaf rust
resistance genes have been characterized (Knott 1989; Mclntosh et al.. 1995). Most of
them are effective from the seedling stage through the whole life of the plant, whereas
only seven of them are monogenic and primarily effective at the adult stage (McIntosh et
al.. 1995). Wheat genes Lr34 and the completely linked Y»/8 have provided durable
resistance to leaf rust and stripe rust (Puccinia striiformis), respectively (Dyck et al..
1966; Singh and Rajaram 1992; Ma and Singh 1996). Lr34 typically expresses partial
resistance quantitatively (Drijepondt and Pretorius 1989; German and Kolmer 1992;
Singh 1992) with an increased latency period, and a decreased infection frequency and
uredium size (Drijepondt and Pretorius 1989).

Using monosomic analysis, Dyck (1987) mapped Lr34 to chromosome 7DS. In
the study by Spielmeyer et al.. (2005), Lr34 and YrI8 were mapped to a single locus
flanked by microsatellite markers GWM295 and GWM1220 on chromosome 7DS. The

Lr34/Yr18 region has been associated with many traits and disease resistance in wheat
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including durable, adult plant resistance to leaf rust (Lr34) (Singh and Gupta 1991);
durable adult plant resistance to stripe rust (¥7/8) (McIntosh 1992; Singh 1992a); adult
plant resistance to powdery mildew (Spielmeyer et al.. 2005); tolerance to barley yellow
dwarf virus (Bdvl) (Singh 1993); enhanced expression of stem rust resistance (Dyck
1987, Vanegas et al.. 2007)); and leaf tip necrosis of flag leaves (Ltn) (Singh 1992b).
Although Lr34 is present in wheat worldwide, it is still not known whether some
or all of the disease resistance traits are controlled by single genes or by several tightly
linked resistance genes. Fusarium head blight is one disease that has not been studied to
determine if there is an enhancement in the level of FHB resistance when Lr34 is present.
Sumai 3, an FHB resistant Chinese spring wheat variety possesses FHB resistance genes
Fhbl and Fhb2 found on chromosomes 3BS and 6BS, respectively (Cuthbert et al..
2006a; Cuthbert et al.. 2006b) and another gene on SAS (Qfhs.ifa-54) (Bai et al.. 1999,
Anderson et al.. 2001; Zhou et al.., 2002; Somers et al.. 2003; Yang et al.. 2003; Yang et
al.. 2005). Sumai 3 also contains the adult leaf rust resistant gene Lr34 (Brent
McCallum, unpublished data). Although Fhbl and Fhb2 are not linked with Lr34, it may
be possible that there is a gene interaction occurring resulting in an increased level of
FHB resistance when resistance alleles for Lr34 and Fhbl or Fhb2 are present in the

same line.

There were two major objectives for this research: 1) to map the Lr34 locus using

microsatellite markers; and 2) to measure any gene interaction between Lr34 and Fhb2.
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5.3 Materials and methods

5.3.1 Genetic mapping of Lr34

5.3.1.1 Mapping population, genotyping and selection of lines

The line BW278 is a backcross derived doubled haploid (DH) line (AC Domain*2/Sumai
3) and carries resistance alleles for Lr16, Lr34, and Fhb2 (Cuthbert et al.. 2006b). Single
seed descent was used to develop a recombinant inbred line (RIL) population of 2,300
Fs.7 lines from the cross BW278 x AC Foremost (HY320*5/BW553//HY320%6/7424-
BW5B4). AC Foremost carries an unidentified seedling leaf rust resistance gene,
tentatively named LrF.

The leaf rust reactions of the 2,300 Fs.; RILs were determined in the greenhouse
using leaf rust races (MBDS [avirulent to Lrl6/virulent to LrF]; TIBJ [virulent to
Lri6/avirulent to LrF]; TDT [avirulent to Lr/6 and LrF]| to select 253 seedling
susceptible lines that carried the susceptible alleles for both Lr/6 and LrF, but segregated
for the adult leaf rust resistance gene Lr34. The selected 253 Fs.;7 lines were grown in the

field to evaluate disease resistance to leaf rust.

5.3.1.2 Genotyping

Five seeds of each of the recombinant lines were germinated on filter paper in petri
dishes and leaf tissue was harvested and lyophilized for DNA extraction with the Qiagen
DNeasy 96 Plant Kit (Qiagen, Mississauga, Ont.). DNA was quantified by fluorimetry
using Hoechst 33258 stain. Genotypic data for the population was collected using M13-

tailing and fluorescent capillary electrophoresis on an ABI3100 genotyper (Applied
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Biosystems Inc., Foster City, Calif.). M13-tailing required adding the M13 sequence
(CACGACGTTGTAAAACGAC) to the 5° end of the forward primer during primer

synthesis (Schuelke 2000). The PCR conditions were: 24 ng DNA, 1.5 mM MgCly, 50

mM KCl, 0.8 mM dNTPs, 2 pmol reverse primer, 0.2 pmol forward primer, and 1.8 pmol
M13 primer (CACGACGTTGTAAAACGAQC) fluorescently labelled with 6-FAM, HEX,
or NED (Applied Biosystems Inc.), and 0.5 U Tag DNA polymerase (Promega, Madison,
Wis.). Thermal cycling included: 94°C — 2 min, 30 cycles of 95°C — 1 min, (0.5°C/s to
61/51°C), 61/51°C — 50 sec, (0.5°C/s to 73C), 73°C — 1 min, 1 cycle 73°C — 5 min. The
internal molecular weight standard for the ABI3100 was Genescan 500-ROX (Applied
Biosystems Inc.). Data collected by fluorescent capillary electrophoresis was first
converted to a  gel-like image using  Genographer  available at

http://hordeum.oscs.montana.edu/genographer.

5.3.1.3 Leaf rust phenotyping — field

The field trials tested 257 entries including 253 RILs and 4 check varieties: AC
Barrie, AC Foremost, BW278, and Thatcher, which were screened in the leaf rust nursery
at Glenlea, Manitoba during the 2003 and 2004 field seasons. Trial entries and checks
were replicated three times in a randomized complete block design with susceptible
spreader rows of ‘Little Club’. Spreader rows were placed every alternating third and
fourth row to increase and monitor disease development throughout the field. Plots
consisted of a single 1 meter row spaced 17 cm apart. Sowing density was approximately
60 seeds per row. The inoculum used throughout the phenotyping process was an

epidemic mixture of an equal proportion of the most prominent isolates collected during
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the 2002 and 2003 leaf rust disease survey and used in the 2003 and 2004 leaf rust
nurseries, respectively (McCallum and Seto-Goh 2004, 2005). Spreader rows were first
inoculated at the stem elongation phase. The inoculum mixture was a suspension of 1.5
grams of urediospores / L of light mineral oil (Bayol, Esso Canada, Toronto Ontario). A
hand held low volume herbicide applicator was used to apply the inoculum to the
spreader rows only. Inoculation was conducted in the afternoon as relative humidity was
rising to ensure adequate moisture for spore germination and infection. Spreader rows
were re-inoculated twice after heading until disease pressure increased and symptoms
were present on the spreader rows.

When pustules became visible on the check and spreader rows, disease ratings
were performed every five days on the flag leaves using the modified Cobb Scale (%
infection of flag leaf) and pustule type (R=resistant; MR=moderately resistant;
MS=moderately susceptible; S=susceptible) (Petersen et al.. 1948). There were a total of
four ratings conducted per growing season which allowed area under the disease progress
curve (AUDPC) to be calculated for each growing season. Days to heading, and leaf tip
necrosis (Ltn) notes were also taken during the growing seasons to determine if leaf
senescence was due to maturity or susceptibility. Ltn is a phenotypic marker linked to
Lr34 and has been used by many researchers as a means of determining the presence of

Lr34 (Singh 1992b).

5.3.1.4 Construction of the genetic map of 7DS
A total of 71 microsatellite markers on chromosome 7DS (Somers et al.. 2004)

were screened for polymorphism between the parents of the mapping population.

-82-



Polymorphic marker primer sequences, annealing temperatures, and allele sizes are listed
in Table 5.1. The polymorphic markers were used to genotype the 253 RILs in the
population. JoinMap V3.0 (Biometris, Wageningen, The Netherlands,

http://www joinmap.nl) was used to determine the marker order and map distances.

5.3.1.5 Statistical analysis

Analysis of variance (ANOVA) for AUDPC for each site year and a combined
analysis across the two site years were performed using the “PROC GLM” procedure of
the SAS software package (SAS Institute Inc., Version 8.2). A Bartlett's test for
homogeneity was conducted to determine if the data could be combined over site years.
The model] statement used in the combined analysis was AUDPC= Entry Rep Year
Rep(Year) Entry*Year. All factors in this statement with the exception of entry were

considered to be random.

5.3.2 Interaction between Lr34 on Fhb2

5.3.2.1 Genetic population development

A subset of 1,440 lines of the original 2,300 RILs was randomly selected from the cross
between BW278 and AC Foremost. BW278 was the source of FHB resistance in the
population, which segregated for three known FHB resistance QTL or genes including
QFhb.crc-3BSc, Fhb.crc-54 and Fhb2. The QTL identified on 3BSc is located proximal
to the centromere (Somers et al.. 2003). The 1,440 Fs.; recombinant inbred lines (RILs)
were genotyped using microsatellite markers on chromosome 6B (WMC104, WMC397,

GWM219), SA (GWMI154, GWM304, WMC415), and 3BS (WMC78, GWMS566,
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WMC527) (Somers et al.., 2004) which facilitated selection of 89 RILs that were
homozygous susceptible for FHB QTL intervals on 3BSc, 5A, and recombinant for the
interval on 6B carrying Fhb2 (Cuthbert et al.. 2006b). BW278 is known to lack
resistance alleles at Fhbl (Cuthbert et al.. 2006a) on 3BS near GWM493. These 89 RILs
were segregating for Lr16, LrF, and Lr34.

The epistatic effect between Lr34 and Fhb2 was determined by evaluating the leaf
rust reaction of the 89 RILs in the growth cabinet using an isolate virulent to Lr/6 and

LrF; and the FHB reaction of the lines in the greenhouse and field.

5.3.2.2 Fusarium head blight phenotyping.

Fusarium head blight disease response was evaluated on the 89 RILs and parental checks
in the greenhouse and field to classify each line as resistant or susceptible (Cuthbert et al..
2006b). Dual floret injection (DFI) was used in the greenhouse to evaluate disease
severity (DS). Macroconidial spray inoculations were used in the field nurseries
conducted at two locations in southern Manitoba (Carman and Glenlea) over two years
2003 and 2004 to evaluate disease incidence (DI), disease severity (DS), visual rating

index (VRI) and Fusarium damaged kernels (FDK).

5.3.2.3 Leaf rust phenotyping — growth cabinet

The 89 RILs and resistant (BW278), intermediate resistant (AC Barrie) and susceptible
checks (Thatcher, AC Foremost) were arranged in a completely randomized design and
grown in a growth cabinet with lighting set for 16 hour daylight and temperature during

the day of 18°C and 15°C. RILs and checks were replicated seven times over two cycles
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within the same growth cabinet. The relatively low temperature was used to promote
tillering. Once the flag leaves emerged the plants were inoculated with P. triticina
virulence phenotype MGBJ (Long and Kolmer 199; McCallum and Seto-Goh 2003) by
suspending urediospores in light oil (Bayol 55, Imperial Oil Canada, Toronto, ON) and
spraying the oil/spore mixture on the flag leaves of the adult plants using an air powered
inoculator. This isolate was virulent to the seedling resistance genes Lr/6 and LrF but
avirulent to Lr34. After inoculation, plants were allowed to dry for four hours and were
placed overnight in a dew chamber (Percival, model 160D, Perry Iowa) for 16 hours with
the following chamber conditions: water reservoir 30°C, chamber wall 5°C, and air
temperature 20°C. Plants were placed back into the growth cabinet for infection to
develop and flag leaves were rated 14 days post-inoculation using the modified Cobb

Scale (1-100%) and pustule type (R/MR/MS/S) (Petersen et al.. 1948).

5.3.2.4 Genetic map

A total of 71 microsatellite markers on chromosome 7DS (Somers et al.. 2004) were
screened for polymorphism between the parents of the mapping population. Polymorphic
marker primer sequences, annealing temperatures, and allele sizes are listed in Table 5.1.
The polymorphic markers were used to genotype the 89 RILS. JoinMap V3.0 (Biometris,
Wageningen, The Netherlands, http://www.joinmap.nl) was used to determine the marker

order and map distances.
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5.3.2.5 Statistic_al analysis

A two-way ANOVA was conducted to determine if there was any significant gene
interaction between the expression of adult leaf rust resistance from Lr34 and FHB
resistance from Fhb2 in the 89 RILs. The main variable is represented by FHB and
sources of variation include the resistance and susceptibility ratings for leaf rust and
FHB. FHB resistance was measured in the 89 RILs using greenhouse disease severity
(GH-DS); and field disease incidence (DI), disease severity (DS), visual rating index

(VRI), and Fusarium damaged kernels (FDK) data (Cuthbert et al.. 2006b).
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Table 5.1 Primer sequences, annealing temperatures, and allele sizes of markers used in the BW278/AC Foremost population for
mapping Lr34 in spring wheat

Marker Forward Primer (5'—3") Reverse Primer (5'—3") Anneal Allele Size  References
o) BW278

WMC506 CACTTCCTCAACATGCCAGA CTTTCAATGTGGAAGGCGAC 61 241 http://wheat.pw.usda.gov
GWM635 TTCCTCACTGTAAGGGCGTT CAGCCTTAGCCTTGGCG 61 115 Roder et al.. (1998)
CFD41 TAAAGTCTCAGGCGACCCAC AGTGATAGACGGATGGCACC 61 296 http://wheat.pw.usda.gov
CFD31 GCACCAACCTTGATAGGGAA GTGCCTGATGATTTTACCCG 61 243 http://wheat.pw.usda.gov
CFD66 AGGTCTTGGTGGTTTTGGTG TTTTCACATGCCCACAGTTG 61 194 http://wheat.pw.usda.gov
WMC463 GATTGTATAGTCGGTTACCCCT ATTAGTGCCCTCCATAATTGTG 61 178 http://wheat.pw.usda.gov
CFD30 AATCGCACAACAATGGTTCA GCCTCTCCTCTCTGCTCCTT 61 224 http://wheat.pw.usda.gov
GWM1220 CACGACGTTGTAAAACGACAG GAATAGAAGTCATCGCGCGT 61 159 Dr. Ganal - Trait genetics
GWM130 AGCTCTGCTTCACGAGGAAG CTCCTCTTTATATCGCGTCCC 61 148 Roder et al.. (1998)
GWM44 GTTGAGCTTTTCAGTTCGGC ACTGGCATCCACTGAGCTG 61 194 Roder et al.. (1998)
CFD46 TGGTGGTATAGTCGTTGGAGC CCACACACACACACCATCAA 61 198 http://wheat.pw.usda.gov
WMCI21 GGCTGTGGTCTCCCGATCATTC ACTGGACTTGAGGAGGCTGGCA 61 303 http://wheat.pw.usda.gov
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5.4 Results

5.4.1 Genetic mapping of Lr34

5.4.1.1 Leaf rust field trials

Environmental data were collected and conditions differed substantially between the
2003 and 2004 field seasons. Mean temperature and precipitation during inoculation
(June) and prior to rating (July and August) are the most critical for infection and disease
development. High amounts of precipitation and flooding in the spring of 2004 affected
plant establishment at Glenlea. Temperatures were below normal for the 2004 season
resulting in lower infection levels compared to 2003 (Mean AUDPC: 2003 = 765.7,
2004 = 389.1). Leaf tip necrosis ratings were difficult to distinguish in this population in
the field due to the variability in the weather in 2003 and 2004. As a result, this trait was
not included in the mapping analysis.

The ANOVA for individual site years indicated entry was highly significant in
both 2003 and 2004; however, the replicate effect was non-significant in 2003 and
significant in 2004 due to variability of disease development (Table 5.2). Due to the
heterogeneity of the error variances the data were presented separately by year.

There were 253 RILs from the 2,300 Fs.; line mapping population identified to be
susceptible for seedling genes Lr/6 and LrF and recombinant in the Lr34 region. The
phenotypic distribution of leaf rust AUDPC over site years was bimodal for this major
gene (Fig. 5.1A). The range in % infection of flag leaf of RILs classified as resistant was

12 — 51% and for lines classified as susceptible was 82 — 100%. The population
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segregated 115 resistant to 138 susceptible RILs for AUDPC, fitting a 1:1 chi-square

ratio (X* =2.08; P>0.10). (Fig. 5.1A).

Table 5.2. Analysis of variance for leaf rust area under disease progress curve (AUDPC)
collected in years (2003, 2004) in Glenlea, Manitoba.

Source DF Type II1 SS Mean F-Value  P-value

Square

AUDPC - Year: 2003

Model 258 159,817,475.4 619,447.6 38.41 <.0001
Entry 256 159,797,201.8 624,207.8 38.70 <.0001
Rep 2 300.2 150.1 0.01 0.9907

Error 442 7,128,923.8 16,128.8

AUDPC - Year: 2004

Model 258 90,817,061.0 352,004.1 20.29 <.0001
Entry 256 90,185,460.3 352,287.0 20.31 <.0001
Rep 2 601,550.9 300,775.5 17.34 <.0001

Error 442 8,811,727.2 17,345.9

AUDPC - Year: Combined 2003 & 2004

Model 517 302,602,169.9 585,304.0 34.88 <.0001
Entry 256 232,753,716.8 909,194.2 54.18 <.0001
Rep 2 268,116.6 134,058.3 7.99 0.0004
Year 1 52,385,469.0 52,385,469.0 3,121.97 <.0001
Rep(Year) 2 288,738.5 144,369.3 8.60 0.0002
Entry*Year 256 17,180,020.3 67,109.5 4.00 <.0001

Error 950 15,940,651.0 16,779.6
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Fig. 5.1 Phenotypic distribution of leaf rust infection (% infection of flag leaf) collected in the
field and growth cabinet for the 253 RILs (A) and 89 RILs (B), selected from the population
BW278/AC Foremost. The rating scale was based on the modified Cobb Scale (% infection of
flag leaf) and pustule type (R=resistant; MR=moderately resistant; MS=moderately susceptible;
S=susceptible)

5.4.1.2 Genetic map on 7DS

There were 12 polymorphic markers out of 71 tested on 7DS which were used to
genotype the 253 RILs and construct a genetic map of chromosome 7DS (Table 5.1).
The marker order of the map was identical to the ITMI map (Roder et al.. 1998). The
total map length for the population was 52.8 cM (Fig. 5.2A) which is similar to 72 ¢cM on
the ITMI map (Roder et al.. 1998). The 253 RILs were classified as resistant or

susceptible to leaf rust using AUDPC measurements from field data collected over two
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site years. Lr34 mapped to a 13.0 c¢cM interval on chromosome 7DS. This gene
controlling resistance to adult leaf rust resistance was flanked by GWM1220 and

GWM130 (Fig. 5.2A).

A B
cM Marker cM Marker
7 1
0.0 CFD66 0.0 CFD66
3.7 CFD31
5.0 CFD31

153 WMC463

17.1 WMC463

25.8 CFD30
31.0

GWM1220 38.6 CFD30
40.5 LR34 42 9~ -GWM1220
44.3 GWM130 j‘g-gﬁ—i LR34

: GWMI130
492 GWM44
52.8 CFD46 69 ——
/

74.0 CFD46
76.91TJ— WMCI121

Fig. 5.2 Genetic map of the adult leaf rust resistance gene, Lr34 on chromosome 7DS, based on
field data (253 RILs) (A) and controlled environment data (89 RILS) (B), of the population
BW278/AC Foremost. Rating scale based on the Modified Cobb Scale (% infection of flag leaf).
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5.4.2 Interaction between effects of Lr34 on Fhb2

5.4.2.1 Leaf rust growth cabinet test

Seven plants per RIL of the population containing 89 RILs and checks were inoculated
with P. triticina in the growth cabinet using adult plant inoculations to assess % infection.
The infection ratings showed a bimodal distribution (Fig. 5.1B). The range in %
infection of the flag leaf of RILs classified as resistant was 6 — 38% and for lines
classified as susceptible was 62 — 94%. There was very low variability (standard error:
resistant RILs 15.3 £ 0.75 and susceptible RILs 76.3 + 1.02) within the seven plants of
each RIL and no overlap between the resistant and susceptible classes (Fig. 5.1B).
Parental checks showed a % flag leaf infection range of 19% (resistant); 50%
(intermediate) and 82-86% (susceptible). The population segregated 49 resistant to 40

susceptible plants, fitting a 1:1 chi-square ratio (X* = 0.72; P<0.5).

5.4.2.2 Fusarium head blight tests

The phenotypic distribution for all five FHB disease infection measurements in the
greenhouse and field was bimodal with lines resembling either the resistant or susceptible
checks and parents (Fig. 5.3). The 89 RILs in the greenhouse experiment segregated 42
resistant to 47 susceptible plants, fitting a 1:1 chi-square ratio (p<0.90). Phenotypic
classification for the 89 RILs in the field for all traits (DI, DS, VRI, FDK) showed the
same classification. The population segregated 45 resistant to 44 susceptible RILs for all
traits, fitting a 1:1 chi-square ratio (p>0.90). The correlation between the averaged
greenhouse and field data measurements for the 89 RILs showed all correlations were

high and statistically significant (¢#=0.05)
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5.4.2.3 Genetic map

A genetic map was constructed by genotyping the 89 RILs with 12 polymorphic
microsatellite markers on chromosome 7DS (Table 5.1). The marker order of the map
was identical to the ITMI map (Roder et al.. 1998). The total map length for the 7DS
segment in the 89 RILs was 76.9 cM (Fig. 5.2B) which is similar to 72 ¢M on the ITMI
map (Roder et al.. 1998) and 52.8 of the genetic map created using the 253 RILs
population in this study. The 89 RILs were classified as resistant or susceptible to leaf
rust using AUDPC measurements from growth cabinet data collected over seven
replications. Lr34 mapped to a 3.0 ¢cM interval on chromosome 7DS. This gene
controlling resistance to adult leaf rust resistance was flanked by GWM1220 and

GWMI30 (Fig. 5.2B).

5.4.2.4 Gene interaction

The presence or absence of Lr34 had no significant effect on the expression of FHB
resistance parameters (Table 5.3). However, there was a significant effect (P = 0.05) of
Fhb2 in lowering all the FHB parameters measured (Table 5.3). There was a clear
bimodal distribution between those lines that carried F/b2 and those that did not for all
the FHB parameters (Figure 5.3). Fhb2 is the only FHB gene segregating in the
population; therefore, F7b2 would be expected to be significant. The interaction between
Lr34 and Fhb2 was not statistically significant for any of the FHB parameters measufed

(Table 5.3) based on a two-way ANOVA.
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Table 53. Two-way analysis of variance to measure the effect of the interaction between
Fusarium head blight (FHB) resistance gene F/b2 and leaf rust resistance gene Lr34. Data for
FHB was collected in the greenhouse (disease severity) (GH-DS) and at two field locations
(Carman, Glenlea, MB) over two years (2003, 2004) (disease severity, disease incidence, visual
rating index, Fusarium damaged kernels). Leaf rust data was collected in growth cabinet using

the rating scale of modified Cobb Scale.

Source DF Type II1 SS Mean F-Value P-value
Square
Greenhouse - Disease Severity (GH-DS)

Model 3 355.63 118.54 34.90 <0.0001
Lr34 1 2.72 2.72 0.80 03732
Fhb2 1 295.30 29530 86.94 <0.0001
Lr34*Fhb2 1 2.70 2.70 0.79 0.3754

Error 85 288.71 3.40

Field - Disease Severity (Field-DS)

Model 3 520.63 173.54 261.65 <0.0001
Lr34 1 1.95 1.95 2.94 0.0901
Fhb2 1 442.76 442.76 667.55 <0.0001
Lr34*Fhb2 1 0.01 0.01 0.01 0.9282

Error 85 56.38 0.66

Field — Disease Incidence (Field-DI)

Model 3 375.70 125.23 639.85 <0.0001
Lr34 1 0.35 0.35 1.80 0.1829
Fhb2 1 326.81 326.81 1669.73 <0.0001
Lr34*Fhb2 1 0.16 0.16 0.80 0.3739

Error 85 16.64 0.20

Field —Visual Rating Index (Field-VRI)

Model 3 44495 .93 14831.98 649.66 <0.0001
Lr34 1 61.47 61.47 2.69 0.1045
Fhb2 1 38464.15 38464.15 1684.78 <0.0001
Lr34*Fhb2 1 40.15 40.15 1.76 0.1883

Error 85 1940.58 22.83

Field — Fusarium Damaged Kernels (Field - FDK)

Model 3 53558.73 17852.91 408.19 <0.0001
Lr34 1 1.69 1.69 0.04 0.8445
Fhb2 1 47363.03 47363.03 1082.91 <0.0001
Lr34*Fhb2 1 61.93 61.93 1.42 0.2374

Error 85 3717.62 43.74
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5.5 Discussion

Leaf rust infection data were collected from the field on the 253 RILs to map the
Lr34 resistance gene on 7DS. The ANOVA for combined site years indicated a
significant level of variation arising from year, rep and entry (Table 5.2). The significant
level of variation over years was due to the varying level of disease pressure between the
two field seasons as a result of the differences in environmental conditions in 2003 and
2004. The ANOVA showed the entries were highly significant and using the distribution
of disease reaction each RIL could be classified as either resistant or susceptible.

To determine the interaction between Lr34 and Fhb2 a different subset of 89 RILs
were phenotyped for both leaf rust and FHB. Leaf rust infection data were collected on
the 89 RILs segregating at both the F/b2 and Lr34 loci. To reduce the confounding effect
of multiple leaf rust resistance genes, phenotyping of Lr34 was conducted in a growth
cabinet using adult plant inoculations with a P. triticina culture that was virulent to Lr16
and LrF (Fig. 5.1).

This study provided a unique approach to map the gene Lr34 using the BW278
source of resistance in two groups of RILs from the same spring wheat mapping
population. The data collected in the field and growth cabinet for leaf rust resistance
mapped to one coincident location on chromosome 7DS (Fig. 5.2). The total genetic
distance between the two flanking markers CFD66 and CFDA46 on the wheat ITMI map is
72 cM (Somers (data unpublished)) and was 52.8 and 76.9 cM in the 253 RILs and §9
RILs population, respectively. The difference in genetic distance between the two groups
of RILS from the same population may be attributed to the distortion in the segregation

of the 89 RILs possibly caused by the difference in sample size of the initial population
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(2,300 and 1,400 lines) and sampling of RILs to create the genetic map for the 253 and
89 RILs, respectively (Fig.5.2). The segregation ratios for the two genes in the
population were Fhb2+ Lr34+ 25: Fhb2+ Lr34- 20: Fhb2-Lr34+ 15: Fhb2 — Lr34 - 29.
A chi-square test of independence was conducted for the two genes, Fhb2 and Lr34, and
the results indicated that data does not differ significantly from the expected 1:1:1:1 ratio
for the 89 RILs (X* = 3.3, P>0.05).

The distance to flanking markers surrounding Lr34 in the mapping population
with 253 RILs is 3.8 and 9.5 cM; 89 RILs is 0.6 and 2.4 cM (Fig. 5.2). Comparisons of
physical and genetic maps of wheat indicate that most genetic recombination occurs in
gene-rich, telomeric regions (Gill et al.. 1996; Faris et al.. 2000). In previous studies,
researchers have been able to map Lr34 to 7DS and indicate the closest microsatellite
locus is GWM295 (Dyck et al.. 1966; Singh et al.. 2000; Boukhatem et al.. 2002;
Ramburan et al.. 2004; Schnurbusch et al.. 2004a). In a recent study by Spielmeyer et al..
2005, Lr34 was mapped to a single locus flanked by microsatellite loci GWM1220 and
GWM295 on chromosome 7DS. Microsatellite marker GWMI130 is coincident to
GWM295. The distance to flanking markers GWM1220 and GWM130 in the study by
Spielmeyer et al.. (2005) is 0.9 and 5.4 cM. The present study differed from that by
Spielmeyer et al.. (2005) in that the group of 253 RILs mapped the gene Lr34 in isolation
with no other background effects provided by secondary leaf rust genes. The infection
ratings from the growth cabinet (89 RILS) were lower for the resistant RILs, compared to
the 253 RILs from the same cross that were rated for leaf rust in the field. This could be
due to the presence of other leaf rust seedling resistance genes (Lr/6 and LrF) in

combination with Lr34 versus the 253 RILs segregating for only ZLr34 (Fig. 5.1); or
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reflect the inherent differences between artificial inoculation in the growth cabinet and
natural infection from inoculated field nurseries.

Based on statistical data provided in this study (Table 3), there was no indication
that the RILs containing Lr34 resistance were more resistant to FHB than those lines that
did not contain Lr34. The Fhb2 effect was significant (P < 0.05) for all FHB parameters;
whereas Lr34 had no significant effect on the expression of all FHB resistance
parameters measured (Table 5.3). Figure 5.3 also demonstrates the strong effect of Fhb2
segregating within the 89 RILs where those lines with Fhb2 are clearly distinguished
from those without Fhb2 for all the FHB parameters measured. This effect is significant
because Fhb2 is the only FHB resistance gene segregating in the 89 RILs, whereas Lr34
was not significant at the 0.05 level and there was no interaction between Fhab2 and Lr34.

FHB data tends to be quite variable in nature due to the influence of
environmental factor on disease symptoms making it difficult to determine smaller
difference in levels of resistance. The effect of the gene interaction may be less dramatic
since Fhb2 is the only FHB resistance gene present in the population and the fact that the
population size is small. FHB resistance is polygenic (Bai and Shaner 1994) and is
strongest when multiple resistance genes are present within a population (Berzonsky et
al.. 2007). Although the objective of this study was reached, it would be interesting to
conduct this same study using a population segregating for multiple FHB resistance
genes, including the major FHB resistance gene Fhbl to see if the results would be

different.
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Fig. 5.3 Distribution of the number of lines for 89 RILs from the cross BW278/AC Foremost
carrying various combinations of resistance genes Fhb2 and Lr34 to demonstrate the effect of
interaction of the two resistance genes. Percent of infection was measured from one replicated
greenhouse (GH) experiment and four replicated field disease nurseries over four site-years. FHB
resistance and susceptibility is displayed as a percent infection (1 to 100%) on individual
histograms for each trait measured: (A) disease severity (GH-DS); (B) field - disease severity
(DS); (C) field - disease incidence (DI); (D) field - visual rating index (VRI); and (E) field -
Fusarium damaged kernels (FDK). Classes of 89 RILs carrying Lr34 + (m), Lr34 - (D) are
represented by bars on graph.
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Lr34 is a very important disease resistance gene in wheat breeding programs
worldwide because it provides enhancement of resistance to multiple diseases. Based on
data from this study, there was no clear enhancement of FHB resistance in RILs
containing both Lr34 and Fhb2. The use of Lr34 instead of other leaf rust resistance
genes will have little effect on the progress that can be made in the FHB reaction. This
indicates development of cultivars resistant to these two major wheat diseases in Canada

will require pyramiding disease resistance genes to leaf rust and FHB.
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6.0 GENERAL DISCUSSION

Fusarium head blight and leaf rust are two of the most devastating diseases of
spring wheat in western Canada. There are many mechanisms for managing the two
fungal diseases; however, pyramiding genetic host resistance is considered to be the most
efficient and cost effective over the long term. Plant breeders can use classical and
molecular plant breeding to pyramid FhAb! (Type II FHB resistance), Fhb2 (FHB field
resistance), and Lr34 (slow rusting adult leaf rust resistance) along with other disease
resistance genes to develop cultivars of spring wheat with suitable levels of FHB and leaf
rust resistance.

The ability to select desirable individuals in a breeding population based on
genotype is an extremely powerful application of DNA markers and QTL mapping.
DNA markers in genomic regions of interest enable breeders to select on the basis of
genotype rather than phenotype. This can be especially helpful for target traits such as
Fusarium head blight and leaf rust that are time consuming and laborious to score. By
simply eliminating or reducing the need for field trials early in a breeding program,
marker assisted breeding may revolutionize the process of cultivar development.

Quantitatively inherited traits have a strong genetic component but under normal
conditions of measurement and population design, cannot be shown to be controlled by
individually recognizable loci. There are many reasons for the inability to recognize
individual loci. Some disease reactions are difficult to score reliably and others are
highly sensitive to the environment. Environmentally sensitive traits are difficult to
measure accurately, resulting in lowered estimates of heritability and a reduced likelihood
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of segregation in a Mendelian fashion unless special experimental precautions have been
taken.

FHB is a complex, quantitative trait. The present study allowed the design of
spring wheat populations with an FHB resistance QTL to be expressed as a Mendelian
factor using genotyping and phenotyping to isolate and map the locus of interest in a
fixed resistant and/or susceptible background. There were two sources of FHB resistance
(Sumai 3 and Nyubai) used in the study and phenotyping was performed in two different
environments (greenhouse and field). The design and development of populations using
genotyping and phenotyping to isolate the QTL of interest as a Mendelian factor allowed
a complex quantitative trait to be mapped qualitatively.

Fhbl was fine mapped to the syntenic interval on 3BS as a Mendelian factor in
both a fixed resistant (Thatcher/5*Sumai3) (T/S) and susceptible (HC374/3*98B69-L47)
(HC/98) background. The major effect of FAbI on Type II resistance was clearly evident
in the susceptible fixed recombinant plants of the T/S population and even in a fixed
resistant background. When the infection range for phenotypic data was analyzed, the
degree of resistance in phenotypic data is greater in the T/S fixed recombinant plants (0-
5%) versus the HC/98 fixed recombinant plants (5-25%) and non-recombinant resistant
check plants (0-8%). These data from both populations suggests that Fhbl provides a
significant degree of Type II resistance and Fhbl is an additive gene relative to other
FHB resistance loci.

Fhb2 was qualitatively mapped to chromosome 6BS in a fixed susceptible
population (BW278/AC Foremost) which differed from the mapping of Fhbl. Although,

the source of resistance was similar, Sumai 3, the phenotypic data was collected using
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double floret injections (DFI) in the greenhouse to measure disease severity (DS) and
also using conidial spray inoculations in the field to measure field disease incidence (DI),
severity (DS), visual rating index (VRI) and Fusarium damaged kernels (FDK). Fhbl
only used greenhouse single floret injection (SFI) for phenotypic mapping data because
Type II FHB resistance that was being mapped. For the Fhb2 study, the DS was
measured in the greenhouse and field to ensure consistency amongst ratings and proper
characterization of recombinant inbred lines (RILs). There were 12 RILs that were
recombinant between the GH-DS and field traits. The overall rating results indicated that
GH-DS were greater than Field DS; however the GH-DS and Field-DS were highly
correlated. The data also showed that all four field measurements of FHB resistance
mapped to one coincident location on chromosome 6BS, represented by Fhb2. The GH-
DS measurement mapped to 2 cM distal to Fhb2 due to the presence of the 12
recombinant lines between GH-DS and Fhb2. These results indicate that field resistance
is controlled by Fhb2 and an additional locus 2 cM distal from Fhb2 provides Type II
resistance. Based on the size of the population (89 RILs), this result should be
interpreted with caution and the experiment repeated using a larger population size.
However, in studies by Yang et al.. (2003) and Shen et al.. (2003), Fhb2 was estimated to
map within 2 ¢cM of the QTL intervals suggesting the FHB resistance QTL on 6BS and
Fhb2 are likely coincident. Yang et al.. (2003) reported a coefficient of determination on
GH-DS of 21% for the microsatellite marker GWM644 on 6BS, which reduced DS by
52%. In the present study the resistant allele on 6BS reduced FHB GH-DS by 56% when
compared to the RILs carrying the susceptible allele. FAb2 provides field resistance as a

single gene present in a susceptible background.
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The use of molecular markers and marker assisted selection facilitates the
mapping of specific loci in genetically simple and complex traits and allows genetic
interactions between resistance genes to be discovered. QTL mapping has uncovered a
number of examples of epistatic interactions in quantitative resistance. The ability to
develop spring wheat varieties with enhanced resistance levels simultaneously may
involve the resistance genes Lr34 and Fhb2; and therefore, understanding their genetic
interaction may be important for breeders.

In the final chapter of this thesis, the objective was two fold, to map the adult leaf
rust resistance gene Lr34 and to measure any gene interaction between Lr34 and Fhb2.
Lr34 was successfully mapped in two sub-populations of the cross BW278/AC Foremost.
Lr34 mapped to a coincident interval in both sub-populations (GWM 1220 and GWM130)
with a difference in the mapping interval. The one population, 89 RILs, that was used to
map Fhb2 was also used to map Lr34 and determine if there was any gene interaction
between Fhb2 and Lr34. Statistical analysis was conducted and the result of the ANOVA
indicated that there was no clear positive effect of gene interaction when the two genes
were present in the same lines together.

There was no clear phenotype improvement in the population when Lr34 and
Fhb2 were present in the same lines, therefore, breeders will have to select for the genes
and disease resistance individually and use gene pyramiding to develop durable resistant
lines for the two diseases.

Information from this thesis regarding the location and genetic interaction of key
disease resistance genes such as Fhbl, Fhb2 and Lr34 should aid plant breeders

worldwide to select for a small genetic interval around the gene of interest reducing
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“linkage drag” that frequently occurs from a donor parent. This knowledge also lays the
foundation that will be very useful in assisting in cloning of the functional resistance
gene(s).

While the concept of QTL mapping seems clear and simple, there are still many
practical limitations in practice. Many DNA marker maps are not sufficiently dense to
achieve the potential of QTL mapping, since sparse marker maps severely limit the power
of QTL mapping. Even under optimal conditions, multiple QTLs on a single linkage
group are difficult or impossible to resolve. Populations must be relatively large to
uncover some loci, and the biological relevance of loci and interactions depends on the
cut-off chosen for statistical significance. Since the traits of interest are, by nature,
genetically complex, environmental factors and genetic background potentially have an
enormous impact on results. Of course, this is one of the most powerful applications of
QTL mapping (i.e. analyzing gene x gene and gene x environment interactions) but it also
means that many large, time-consuming experiments as the ones in this thesis need to be
conducted.

QTL mapping like any genetic study is only as good as its phenotypic scoring
method. In studies such as this one involving complex disease resistance, factors ranging
from suitable inoculum source to difficulties in quantitative assessment of resistance
make QTL mapping more challenging. Fortunately, powerful computer software and
programs are now available to analyze QTL mapping results and better DNA marker
systems have been developed to simplify the technique and increase marker density.

The application of marker assisted breeding for disease resistance takes on special

roles. Obviously pyramiding resistance genes (Fhbl, Fhb2, Lr34) into valuable genetic
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background is simplified through the use of marker based selection. This should be
especially helpful when screening for one resistance gene interferes with the ability to
screen for another, a frequent occurrence in disease resistance breeding. Rather than
screen sequentially for the inheritance of single resistance (or simultaneously through
progeny screens), individuals that have retained all of the genes of interest can be
selected based solely on DNA marker genotypes. Similarly, gene deployment can be
accelerated through the use of marker-assisted breeding. This approach, in which
cultivars with complementary sets of resistance genes (Fhbl, Fhb2, Lr34) with differing
race-specificities are grown by farmers, aims at achieving durable disease protection.
However, there are few, if any, published reports of resistance gene pyramiding or
deployment using DNA markers.

In theory, the capacity to pyramid or deploy genes of interest is not restricted to
major, single locus resistance genes. With QTL mapping, partial resistance loci can be
treated as Mendelian factors and manipulated just like any major gene, as seen in these
studies. Quantitative resistance loci from diverse donors can be rapidly introduced into a
desirable genetic background or deployed in a set of cultivars. The ultimate achievement
of QTL mapping technology in the future will be the molecular cloning of the key
resistance genes Fhbl, Fhb2 and Lr34 as well as other that confer partial resistance.

In conclusion, genes that control quantitative disease resistance in plants have
been difficult to identify or characterize precisely. The need for new types of disease
resistance in agriculture, especially those that hold the promise of long term duability,
calls out to plant pathologists, breeders, geneticists, and molecular biologists to turn their

attention to polygenic resistance phenotypes. It will be necessary in the future to
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discover new sources of Fhbl, Fhb2 and Lr34 before the resistance genes are overcome
by new races/isolates of disease and these genes are no longer effective. Before the
advent of QTL mapping, analyzing the genes that control complex disease resistance
traits was an overwhelming task. With DNA markers and QTL mapping, complex forms
of disease resistance and their underlying genes are now far more accessible. Someday
soon, the distinction between qualitative and quantitative disease resistance may finally

disappear.
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8.0 APPENDICES

8.1 Dual floret inoculation conducted in the greenhouse when each wheat spike reached
50% anthesis. Each spike was inoculated by injecting a 10 pl macroconidial suspension
between the lemma and palea of a floret positioned at the inoculation point.

8.2 Following point inoculation, a 10 x 5 cm clear, Bitran S Series (Fisher Scientific)
liquid tight specimen bag was placed over the spike to increase humidity around the
spike.
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8.4 A 50 gram sample from each field plot was visually assessed to determine the % of
Fusarium damaged kernels in the harvested sample.
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