Chapter 18

Genome-Wide Association Mapping Identifies
Disease-Resistance QTLs in Barley Germplasm
from Latin America
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Abstract Diseases are the main problem for barley in Latin America. Spot blotch
(caused by Cochliobolus sativus), stripe rust (caused by Puccinia striiformis f. sp.
hordei), and leaf rust (caused by Puccinia hordei) are three of the most important
diseases that attack the crop in the region. Chemical control of those diseases is
both economically and environmentally inappropriate, making the development of
durable resistant varieties a priority for breeding programs. However, the availability
of new resistance sources is a limiting factor. The objective of this work was to
detect genomic regions associated to durable resistance to spot blotch, stripe rust,
and leaf rust in Latin American germplasm. Associations between disease severities
measured in several environments across the Americas and 1,536 SNPs (belonging
to the barley OPA1) in a population of 360 genotypes were used to identify genomic
regions associated with disease. Several models for association mapping with mixed
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models were compared. These models considered either the structure of the population
(Q) through PCA analysis, the identity by descent through coancestry information
(K), or both. Results show significant marker-trait associations for spot blotch and
leaf and stripe rust. Associations are environment specific.

Keywords Association mapping ® QTL ¢ Model comparison * Mixed models

18.1 Introduction

Barley (Hordeum vulgare, L.) is the fourth most important cereal crop in the world
in terms of total world production (FAOSTAT 2008), and malting quality is one of
its most relevant traits. The main use of this crop in Latin America is for malt
production (German 2004). One of the main limitations for achieving high yields
and malt of good quality is the presence of fungal diseases (German 2007).

Fungal diseases affect barley production both directly (i.e., affecting grain weight
and germinability) and indirectly (i.e., foliar diseases that affect photosynthesis
decreasing yield; Nutter et al. 1985). Spot blotch (caused by Cochliobolus sativus),
stripe rust (caused by Puccinia striiformis f. sp. hordei), and leaf rust (caused by
Puccinia hordei) are three of the most important diseases that attack the crop in
Latin America (Pereyra 1996). Chemical control of those diseases is both economi-
cally and environmentally inappropriate, making the development of durable resistant
varieties a priority for breeding programs. However, the availability of new resistance
sources is a limiting factor.

Genome-wide association mapping (GWA) can be used to detect genomic regions
associated to relevant traits (Jannink et al. 2001) and provide targets for MAS in
relevant germplasm (Mather et al. 1997). The advantages of GWA include simulta-
neous assessment of broad diversity, higher resolution for fine mapping, effective
use of historical data, and immediate applicability to cultivar development because
the genetic background in which QTLs are estimated is directly relevant for plant
breeding (Kraakman et al. 2004). Additionally, GWA has been proposed as a promising
tool for selfing-species crop improvement and specifically barley breeding
(Kraakman et al. 2004, 2006; Hayes and Sziics 2006; Stracke et al. 2009; Waugh
et al. 2009; Roy et al. 2010; Bradbury et al. 2011; von Zitzewitz et al. 2011). The
objective of this work was to detect genomic regions associated to durable resistance
to spot blotch, stripe rust, and leaf rust in Latin American germplasm.

18.2 Materials and Methods

A total of 360 genotypes from ICARDA and national breeding programs were used.
Each genotype was evaluated for disease resistance in several environments. Severity
of spot blotch infection (in percentage of covered area from 0 to 100%) was evaluated
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in three environments: EEMAC (northern Uruguay) in 2009 and 2010 and INIA-LE
(west Uruguay) in an off-season nursery in 2009-2010. Severity of leaf rust infec-
tion (in a scale from 1 to 10) was measured in four environments: EEMAC 2009 and
2010 and INIA-LE 2009 and 2010. Stripe rust was evaluated in two environments:
Mexico 2010 and Peru 2011.

All accessions were genotyped for 1,536 SNPs using one Illumina GoldenGate
oligonucleotide pool assays (OPAs) developed for the barley CAP. The develop-
ment and application of the barley OPAs (BOPAL1) is described in detail in Close
et al. (2009) and Sziics et al. (2009). In this research, we used the consensus SNP
map developed by Close et al. (2009), available by downloading the 1.77 version of
the barley HarvEST database (2011).

Several models for association mapping with mixed models were compared to
use the most appropriate model in each case. Modifications of the general mixed
model equation were used:

Y=XB+Qu+Zu+e (18.1)

where Y is the phenotypic vector, X is the molecular marker matrix, j is the
unknown vector of allele effects to be estimated, Q is the population structure
represented by the scores of the relevant axis of a principal components analysis,
v is the vector of population effects (parameters), Z is a matrix that relates each
measurement to the individual from which it was obtained (an identity matrix in
our case), u is the vector of random background polygenic effects, and e is the
residual errors. Random effects are underlined. We compared the following
mainstream models: (1) naive; a simple test of association (Kruskal-Wallis) with
no correction for population structure (Y=Xf+e); (2) fixed, a fixed-effects
model using population structure as fixed covariate (Y =X+ Quv+e); (3) kinship, a
mixed model including the coancestry matrix among genotypes as a random
effect (Y =X+ Zu + e following Parisseaux and Bernardo 2004); (4) Price, a mixed-
effects modelincluding population structure butasarandomeffect (Y =X+ Qu+e
following Price et al. 2006); and (5) Yu, a mixed-effects model including both
population structure and coancestry among genotypes (Y =Xf+Quv+Zu+e following
Yu et al. 2009).

18.3 Results and Discussion

There is not a single best model for all the traits. A mixed model with population
structure either as random (Price) or fixed (Yu) effect was the best model for spot
blotch (Fig. 18.1a) in all environments. However, a mixed model without population
structure and with coancestry information (kinship) was the best model for leaf rust
(Fig. 18.1b) in all environments. The Price and Yu models performed relatively well
for leaf rust.

We detected several QTL for all the diseases studied (Table 18.1). Eleven significant
marker-trait associations were found for leaf rust. Associations were found on
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Fig. 18.1 Cumulative
distribution functions (cdf) of
p values in genome-wide
scans for spot blotch (a) and
leaf rust (b) diseases in the
EEMAC 2009 environment
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chromosomes 2H, 3H, 5H, 6H, and 7H. Nine significant marker-trait associations
were found for spot blotch. Associations were found on chromosomes 1H, 3H, 4H,
5H, 6H, and 7H. Only one significant marker-trait association was detected for
stripe rust.

Although we expect that the underlying distribution of disease scoring be normal,
because of the way these diseases are measured (i.e., in a scale), not all of the traits
follow a normal distribution. Additionally, some markers had heterogeneous variances.
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Table 18.1 Markers with a significant marker-trait association in the barley
Latin American germplasm

Trait Environment Ch Pos Marker

Leaf rust EELE 2009 2 8,6 11_21377
Leaf rust EELE 2009 2 63,5 11_21399
Leaf rust EELE 2009 2 156,7 11_10085
Leaf rust EEMAC 2009 3 59,9 11_21511
Leaf rust EEMAC 2009 3 91,9 11_10253
Leaf rust EELE 2010 5 87,4 11_20645
Leaf rust EEMAC 2009 5 100,3 11_11473
Leaf rust EEMAC 2009 5 100,3 11_20097
Leaf rust EEMAC 2009 5 159,8 11_21024
Leaf rust EELE 2010 6 60,2 11_10189
Leaf rust EELE 2010 6 60,2 11_20058
Leaf rust EELE 2010 6 60,2 11_21310
Leaf rust EEMAC 2010 6 71,9 11_11459
Leaf rust EEMAC 2010 7 0,0 11_10971
Spot blotch EELE 09-10 1 45,5 11_10275
Spot blotch EELE 09-10 1 49,7 11_10470
Spot blotch EELE 09-10 1 50,0 11_11478
Spot blotch EEMAC 2009 3 432 11_21533
Spot blotch EEMAC 2009 4 23,1 11_11136
Spot blotch EEMAC 2010 4 92,4 11_20732
Spot blotch EEMAC 2010 4 119,1 11_10610
Spot blotch EELE 09-10 5 80,6 11_20236
Spot blotch EELE 09-10 5 1514 11_10080
Spot blotch EELE 09-10 6 65,0 11_10124
Spot blotch EELE 09-10 7 21,1 11_10025
Stripe rust PERU 7 141,0 11_10867

The most common transformations of the original variable were used to fit final
models when the untransformed data did not perform properly. Further study of
these traits with more complex models would be beneficial.

18.4 Conclusions

We were able to find significant marker-trait associations for leaf rust, spot blotch,
and stripe rust. Although the best correction for population structure was dependent
on the trait studied, significant associations were consistent across models. These
preliminary results show candidate QTL that should be further studied and com-
pared to previous reports. Evaluations in more environments are being conducted to
improve the estimation of QTL. Association mapping is a promising tool to detect
candidate QTL to include in marker-assisted selection programs.
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