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Abstract

The Oregon Wolfe Barley mapping population is a resource for genetics research and instruction.
Prior reports are based on a population of doubled haploid (DH) lines developed by the Hordeum
bulbosum (H.b.) method, which samples female gametes. We developed new DH lines from the
same cross using anther culture (A.C.), which samples male gametes. Linkage maps were
generated in each of the two subpopulations using the same 1,328 single nucleotide
polymorphism (SNP) markers. The linkage maps based on DH lines derived from the products of
megasporogeneis and microsporogenesis revealed minor differences in terms of estimated
recombination rates. There were no differences in locus ordering. There was greater segregation
distortion in the A.C.-derived subpopulation than in the H.b.-derived subpopulation, but in the
region showing the greatest distortion, the cause was more likely allelic variation at the ZEO1
plant height locus rather than to DH production method. The effects of segregation distortion and
pleiotropy had greater impacts on estimates of QTL effect than population size for reproductive
fitness traits assayed under greenhouse conditions. The OWB population and data are
community resources. Seed is available from three distribution centers located in North America,
Europe, and Asia. Details on ordering seed sets, as well as complete genotype and phenotype

data files, are available at (http://wheat.pw.usda.gov/ggpages/maps/OWBY/).
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Introduction

Doubled haploid (DH) techniques, by accelerating the approach to homozygosity, are a useful
tool for conventional and molecular plant breeding (Thomas 2003; Forster et al. 2007). In the
case of barley, DH populations have been widely used for constructing the linkage maps that
underlie Quantitative Trait Locus (QTL) mapping and marker assisted selection (MAS)
(Karakousis et al. 2003; Wenzl et al. 2006; Stein et al. 2007; Hearden et al. 2007; Varshney et al.
2007; Sziics et al. 2009; Close et al. 2009; and http://wheat.pw.usda.gov/GG2/index.shtml).

Barley DH populations can be produced using female or male gametes. The former involves the
interspecific crossing of an F; (as the female) with Hordeum bulbosum, followed by embryo
rescue, plant regeneration and artificial chromosome doubling (Kasha and Kao 1970). The latter
involves using the F, (as the male) followed by anther or microspore culture (Maluszynski et al.
2003). The potential efficiencies of androgenetic systems are much greater than those of

gynogenetic systems because each inflorescence produces more pollen than eggs.

The principal issues related to the use of DH populations for linkage map construction relate to
segregation and recombination. Segregation distortion - the deviation of observed genotypic
frequencies from their expected values - complicates the application of genetic theory and
analysis (Lu et al. 2002). The allele transmission and gamete survival frequencies that cause
segregation distortion can be caused by exogenous factors such as temperature (Xu et al. 1997)
and in vitro culture conditions (Graner et al. 1991; Foisset and Delourne 1996; Manninen 2000).
Distortion can also be caused by genetic factors (Lambrides et al. 2004; To6rjék et al. 2006) and
may be more prevalent in some species than in others (Lu et al. 2002; Marshall et al. 2007). The
implications of segregation distortion for genetic analyses and breeding are reviewed by Xian-
Liang et al. (2006). To generalize - in the case of androgenetic systems in wheat, barley and rice
- it appears that selection for genes favoring microspore growth and development in culture
media may not have negative effects on agronomic traits in the derived populations (Ma et al.

1999; Guzy-Wrobelska and Szarejo 2003; Cistué et al. 2005; Lapitan et al. 2009).

Representative linkage maps require “normal” rates of recombination between homologous
chromosomes (Lenormand and Dutheil 2005). The levels of recombination observed in DH

populations derived by the Hordeum bulbosum technique (hereafter referred to as H.b.) and
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anther culture (hereafter referred to as A.C.) reveal the crossover frequencies in the megaspore
and microspore mother cells. For barley, Devaux et al. (1995) found 1.047 and 0.912
recombination events per chromosome in A.C.- and H.b.- derived DH populations, respectively.
Recent studies have demonstrated the effects of various factors on rates of recombination and the
distribution of recombination breakpoints in plants (Li et al. 2007). Genome regions where
recombination rates are significantly higher or lower than the genome average are termed
recombination hot- and cold-spots, respectively (Mezard 2006) and in barley the relationship

between genetic and physical maps was explored in depth by Kuenzel et al. (2000).

Of the many barley linkage mapping populations available (summarized in GrainGenes;
http://wheat.pw.usda.gov/GG2/index.shtml), one of the most widely-used is the Oregon Wolfe
Barley (OWB). This population of DH lines was developed by the H.b. technique from the F, of
the cross between the dominant and recessive morphological marker stocks developed by R.
Wolfe (Wolfe 1972). The alternative alleles at the morphological traits loci determining the
major germplasm groups of barley are represented in this population (Costa et al. 2001) and the
sequential addition of new generations of markers (e.g. restriction fragment length
polymorphisms (RFLP), amplified length fragment polymorphisms (AFLPs), simple sequence
repeats (SSRs), diversity array technologies (DArTs), single nucleotide polymorphisms (SNPs),
and restriction site associated DNAs (RADs) has allowed the population to serve as a resource
for linkage map and QTL integration. Sziics et al. (2009) integrated prior marker data with 1,472
SNPs represented in the three barley PilotOPAs (Oligonucleotide Pooled Assay) (POPA1, 2 and
3) and Chutimanitsakun et al. (submitted) added over 450 RAD loci to the Sziics et al. (2009)
map. Qualitative and quantitative loci determining morphological, phenological, and disease
resistance traits of importance to barley improvement have been mapped in the OWB (Borner et
al. 2002; Costa et al. 2001; Jafary et al. 2008; Rostocks et al. 2005; Stein et al. 2007). However,
as empirically demonstrated by Vales et al. (2005), limited population size can lead to
underestimation of QTL number, overestimation of QTL effects, and failure to quantify QTL

interactions.

The goal of this project was to increase the size of the OWB mapping population in order to
improve it as a resource for genetic mapping and QTL detection. Since the A.C. technique was

used to develop the new DH plants, we were able to compare linkage maps based on A.C. and
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H.b.-derived subpopulations genotyped with the same high-throughput SNP assays. This allowed
for direct comparisons of segregation distortion and linkage distance with the each of the two
linkage maps and empirical assessment of improvements in QTL detection afforded by doubling

the size of the mapping population.

Materials and methods

Plant materials

Complete information on the “Oregon Wolfe Barley” population can be found at

http://barleyworld.org/oregonwolfe.php. Briefly, the mapping of the original set of 94 H.b.-

derived plants was described by Costa et al. (2001), a population of 93 was mapped by Sziics et
al. (2009) due to incomplete data on one line, and 82 were mapped by Chutimanitsakun et al.
(submitted) after the discovery of nine sets of identical DH lines. The reduction in population
size has not affected estimates of locus order, distance, nor estimate of QTL number and effect

(see “OWB population size” at (http://wheat.pw.usda.gov/ggpages/maps/OWB/). The discovery

of the identical sets of lines was not made until after the research described in this paper was
undertaken; as a consequence, this report was intended to compare maps based on 93 H.b.-
derived lines and 93 A.C.-derived lines. However, in order not to confound comparisons by the
possible effects of identical genotypes, in this report we compare the H.b. (n = 82), A.C. (n =93)
subpopulations and combined populations (n = 175). The 93 A.C.-derived lines were produced
from the F; of the cross between the recessive (OWB-R) and dominant (OWB-D) morphological
marker spring barley genetic stocks (Wolfe 1972; Wolfe and Franckowiak 1991) as described by
Cistu¢ et al. (2003). This method includes a stress pretreatment of the anthers with 0.7 M
mannitol for four days at 24°C followed by 25 days on a modified FHG culture medium (Hunter
1988). Embryos were transplanted to FHG regeneration medium. DH lines were obtained by

spontaneous doubling of the chromosome number of each haploid plant.

For measuring reproductive fitness traits (see “Phenotypes”, below) the two sets of DH lines

(H.b.-derived and A.C.-derived) were grown in separate greenhouse experiments at Oregon State
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University, Corvallis, Oregon, USA. For both experiments, greenhouse temperatures were
18+1.5°C (day and night) with a photoperiod of 16 h day/8 h night provided by supplemental
illumination from Sylvania Lumalux-Eco ET18 400 w lights suspended 1.5 meters over the

bench surface. Each DH line was replicated twice. The parents were replicated four times.
Markers

The process of developing the high confidence SNP markers has been described in detail by
Close et al. (2009). Briefly, SNPs observed in ESTs and sequenced amplicons were used to
design three Illumina 1536-plex pilot Oligonucleotide Pool Assays (pilot OPAs; POPAI,
POPA2, POPA3). Based on the technical performance and other criteria, 3,072 SNPs were
selected from three POPAs to generate two production barley OPAs (BOPA1 and BOPA2). The
H.b.-derived OWB population was genotyped with three POPAs, whereas the A.C.-derived
population was genotyped with two BOPAs. The common SNPs mapped on both H.b- and A.C-
derived populations were used for analysis in this study. The SNP genotyping assays were
conducted using the Illumina GoldenGate BeadArray SNP detection platform. The POPA assays
were conducted at the Southern California Genotyping Consortium at the University of
California, Los Angeles. Genomic DNA extractions for A.C.-derived population and BOPA SNP
assays were performed at USDA-ARS Small Grains Genotyping Center in Fargo, ND. The
naming convention for SNP loci appearing on the maps shown in this report is by the POPA
numbers (e.g. 1 1311), where 1 = the POPA number (POPA1 in this case) and the subsequent
four digits correspond to the SNP order in the corresponding POPA.

Mapping

JoinMap 4 (Van Ooijen 2006) was used for map construction. SNP-only maps were constructed
for the 82 H.b.-derived DH lines and the 93 A.C.-derived DH lines. The two data sets were then
merged and a combined map made based on 175 DH lines. For each of the data sets, at linkage
LOD score 5, the 1,328 polymorphic markers formed seven linkage groups. The Monte Carlo
maximum likelihood (ML) mapping algorithm was used to determine the marker order in each of
the seven linkage groups. Recombination frequencies were converted to centiMorgans (cM)

using Haldane’s mapping function. The positions of ten morphological loci (VRS1, ZEO1, WST1,
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ALM, HSH, SRH, ROB, GBSS1 (WX), NUD, and LKS2) are shown on the A.C.-derived and
combined map based on the flanking SNPs reported by Sziics et al. (2009).

Segregation distortion and recombination events

A full genome assessment of segregation distortion involves a series of chi-square tests for
equality of allelic frequencies for every individual locus. This requires a multiple test correction
of the level for assessing significance of each individual test. A very conservative Bonferroni
correction would simply take the significance level for individual markers as the genome-wide
level divided by the total number of polymorphic markers, (1,328 in this study) Thus, for 0.05,
the required significance level for assessing significance of each test would be
aon=0.05/1328~0.00004. However this approach wrongly assumes independence of markers.
Less conservative corrections make an effort to consider dependence between markers, as will be
the case with markers within a linkage group. One such method estimates the effective number
of independent tests across the genome by dividing the total map length in ¢cM by 20-30 cM,
which is an arbitrarily taken distance between any two marker pairs for relative independence
(van Eeuwijk, personal communication). In this study the number of effective independent test
would be approximately equal to 50, that is the ratio between 1,250 c¢M, reported roughly map
length of barley, and 25 cM arbitrarily taken for relative independence. The significance level for
individual tests would be equal to the genome-wide significance level divided by 50, the number
of putative independent tests. This criterion would lead to an, o’¢0s=0.001, a’¢0;=0.0002 and
o’0.001 = 0.00002. Allelic frequencies giving rise to these significance levels are shown in Fig. 3

by differential dotted lines.

The number of apparent single crossovers (CO) was counted in each linkage group of each of the
175 DH. These values underestimate the actual number due to undetected CO in regions of
monomorphic markers. An analysis of variance was performed, using GenStat (Payne 2006), to

test for significant differences between DH production method and between chromosomes.
Phenotypes

Phenology and reproductive fitness (yield component) traits were measured on each DH line as
follows. Heading date (HD) was recorded as the number of days from seedling emergence until

the first appearance of awns (or hoods). The number of fertile tillers per plant (spike number;
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SN) was counted and the spikes were harvested from each fertile tiller. Three fertile spikes were
selected at random and used to determine: spike length (SL) in cm; number of florets per spike
(floret number; FN); number of grains per spike (grain number; GN); hundred grain weight

(HGW) in g; and plant height (PH) in cm.
QTL mapping

QTL analyses for each of the phenotypic characters were conducted for each of the data sets (82
DH-H.b.; 93 DH-A.C.; 175 DH-H.b.+A.C.) using the Composite Interval Mapping (CIM)
procedure (Zeng 1994) implemented in Windows QTL Cartographer 2.5 (Wang et al. 2001—
2003). Skeleton maps - constructed from a set of 622 evenly-distributed and non-cosegregating
markers were used for QTL analysis (Supplemental Fig. 2). A forward-selection backward-
elimination stepwise regression procedure was used to identify co-factors for CIM. The
maximum number of cofactors used was seven. A 30-cM scan window was used for all analyses.
Experiment-wise significance likelihood ratio (LR) test statistic thresholds (P<0.05) for QTL
identification were determined with 1,000 permutations and expressed as LOD (LOD =
0.217LR). For every significant QTL, we calculated individual R* (proportion of phenotypic
variance explained by the individual QTL) and additive effect (expressed as one half of the
difference between the two allelic classes). Negative values indicate that the parent line
contributing the allele with the highest value was OWB-R. Epistatic interactions between QTL
were tested by means of Multiple Interval Mapping (MIM, Kao et al. 1999) using Windows QTL
Cartographer 2.5 and a score statistic test with significance level of 0.05. Using MIM we also
calculated for each trait the R* of the multilocus model that included the QTL detected in the
CIM analysis (main and interaction effects). All genotype and phenotype data are available at

http://wheat.pw.usda.gov/ggpages/maps/OWB/.

Results

The numbers of SNPs mapping to each chromosome are shown in Table 1. Of the 3,072 SNPs
represented on BOPA1 and BOPA2, a total of 1,328 (43%) were mapped in the H.b.- and A.C.-
derived sub-populations. The lengths (in Haldane cM) for five of the seven chromosomes (for

the sake of brevity, the term ‘“chromosome” will be considered synonymous with “linkage
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group”) were longer for the A.C.-derived than they were for the H.b-derived population (Figure
2 and Supplemental Figure 1). However, these differences were only significant for SH (Figure
1). For this chromosome, the H.b. map is significantly longer. In the map based on the combined
data from the H.b.- and A.C.-derived populations (hereafter referred to as the combined
population and/or combined map) cM values are intermediate between those for the two sub-
populations. The average number of apparent crossovers (hereafter referred to as crossovers) per
chromosome for each of the two subpopulations are shown graphically in Fig. 1; the significant
differences between chromosomes (averaged across methods) are apparent, as are the significant

interactions between method and chromosome (Supplemental Table 1).

Marker orders are consistent between the A.C. and the H.b. maps, although markers co-
segregating in one map sometimes showed recombination in the other map. On average, there is
one SNP/cM. However, there are regions of monomorphism (e.g. gaps) in both the H.b. and A.C.
maps. The largest such gap is on the short arm of chromosome 2H (22.8 and 22.7 cM,
respectively) and large gaps were also observed on 6HS and 7HL. These three gaps persist in the
combined map. For the purposes of illustration, the chromosome 2H maps for the H.b., A.C., and
combined populations are shown in Fig. 2. Linkage maps for the other six chromosomes are

shown in Supplemental Fig. 1.

The long arm of chromosome 2H was associated with significant segregation distortion in the
A.C. population and in the combined population (Fig. 3). The ZEO-1 locus is associated with the
most significant distortion in each case. For example, in the A.C. subpopulation there were 25
and 68 plants in each of the allele classes. The region of significant distortion extends from VRS-
1 to WST-1. Genome-wide allele frequencies for OWB-D (dominant parent) alleles in the H.b.-
and A.C.-derived populations are shown in the Figs. 3A and 3B. For the H.b. population, based
on the significance threshold calculated by the modified Bonferroni system, there is significant
distortion only on chromosome 3H. The distortion was in favor of the OWB-R (recessive parent)
alleles. For the A.C. population, there was significant segregation distortion on 2H, 3H, 5H, 6H,
and 7H. For 2H, 3H, 6H and 7H, the distortion was in favor of the OWB-R alleles and on 5H it
was in favor of the OWB-D allele. In the combined population (Fig. 3C) there was significant
distortion on 2H, 3H, and SH.
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Considering all seven traits, 22 QTLs were detected in the H.b. subpopulation, 19 in the A.C.
subpopulation and 22 in the combined data set (Table 2 and Supplemental Tables 2 and 3).
QTLs for all traits, except for HD, were detected on 2H in the two subpopulations and in the
combined population (Figs. 4A — C). Based on all three datasets, QTLs for SL and PH were
coincident with ZEO-1. QTLs for GN, FN, HGW, and SN were coincident with VRS-1 in the
three populations. A QTL for HGW (coincident with NUD) on 7H was detected in the three
populations. Six QTL (three for number of seeds on 1H, 2H and 6H, one for number of florets on
IH and two for heading date on 4H and 6H) were detected in the H.b. and the combined
populations but not in the A.C. population. Two QTL (one for number of florets on 3H and one
plant height on 4H) were detected in the A.C. and combined populations but not in the H.b.
population (Table 2, Supplemental Tables 2 and 3). Four QTL (one for number of seeds on 4H,
two for number of florets on 4H and 6H and one for hundred grain weight on 6H) were detected
only in the H.b. population (Supplemental Table 2). Five QTL (one for spike length on 7H, one
for hundred grain weight on 4H one for plant height on 7H and two for heading date on 3H and
7H) were detected only in the A.C. population (Supplemental Table 3). Two QTL for spike
length (6H and 7H) were detected only in the combined population (Table 2). Twelve QTL,
usually those with the highest effects, were detected for the seven traits in the three populations.
For these, LOD scores were always highest in the combined population and lowest in the H.b.
population (Table 2 and Supplemental Tables 2 and 3). Based on the score test, no significant

epistatic interaction was detected at a significance level of 0.05.

Discussion

The Oregon Wolfe Barley population provides a highly polymorphic and connective mapping
resource (Costa et al. 2001; Rostocks et al. 2005; Stein et al. 2007; Sziics et al. 2009; Close et al.
2010; Chutimanitsakun et al. submitted) and a unique genetic background for mapping
determinants of certain phenotypes (Borner et al. 2002; Jafary et al. 2008). In order to further
improve this resource for the genetics community, we increased the size of the mapping
population. Larger populations allow for higher resolution linkage maps and better estimates of
QTL number, location, effect, and interaction (Melchinger et al. 1998; Vales et al. 2005). One
hundred seventy five DH lines (82 previously developed by the Hordeum bulbosum technique
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and 93 by anther culture) are now available. The 175 lines are mapped with the same 1,328

SNPs.

The development of 93 lines by anther culture afforded an opportunity to empirically assess the
effects of DH derivation method on estimates of recombination and linkage map quality.
Devaux et al. (1995) reported recombination rates of 1.05 and 0.91 events per chromosome for
anther culture and Hordeum bulbosum-derived DH lines. Our estimates were 1.78 and 1.72,
respectively, for the two techniques. The differences between the two reports may be due to the
germplasm (Steptoe x Morex vs. Wolfe dominant marker stock x Wolfe recessive marker stock)
and marker density (much higher in our case). In these two barley mapping populations, there are
only slightly higher average rates of recombination in barley microsporogenesis vs.
megasporogeneis. In contrast, Guzy-Wrobelska et al. (2007) compared recombination
frequencies in wheat DH populations obtained via maize pollination and anther culture and
reported that there was significantly higher recombination in pollen mother cells. Interestingly,
we did find significant differences in recombination rates between chromosomes and an
interaction of chromosome and method (Supplemental Table 1). Even if map lengths differ, key

issues in linkage map quality are locus order and segregation distortion.

There were no differences in locus orders between the A.C. and H.b. maps. We did observe more
cases of significant segregation distortion in the A.C.-derived lines. The key question is whether
this distortion is due to method or to germplasm. A lack of common markers between
populations, and differences in anther/microspore culture protocols between labs, complicates
the identification of genome regions associated with doubled haploid production capacity. The
region of distortion we observed on 3H is coincident with a QTL for in vitro shoot regeneration
on 3H (Manninen 2000) and the distorted region on 5H is coincident with a QTL for green plant
regeneration (Mufioz-Amatriain et al. 2008). The distortion observed in the A.C.-derived
subpopulation may be due to these QTLs. However, the region with the greatest segregation
distortion (on chromosome 2H) was observed in the A.C.- derived and the combined populations
and this is most likely due to the specific alleles segregating at the Zeocriton 1 (ZEO1) locus in
the OWB. The dominant X-ray induced mutant allele at this locus causes extreme dwarfism
(Lundqgvist and Lundqvist 1998). We hypothesize that the Zeol (dominant dwarfing) allele has a

negative pleiotropic effect on in vitro growth and regeneration. A similar situation, related to
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negative effects on shoot regeneration in barley, was reported for the dwarfing allele at the UZU
locus (Rikiishi et al. 2008). Androgenetic doubled haploid production systems are more efficient
than gynogenetic methods (Maluszynski et al. 2003; Forster et al. 2007) and our results support
that localized segregation distortion is a small price to pay for doubled haploid efficiency.
Continued progress in techniques has reduced the incidence of albinism (Torp and Andersen
2009; Jacquard et al. 2009), led to the direct regeneration of well-developed embryos (Supena et
al. 2008; Cistué et al. 2009), and the isolation of plants from the embryogenic phase rather than
the callus phase (Maluszynski et al. 2003). Continued improvements in technique should further

reduce the incidence of segregation distortion in A.C.-derived populations.

One of the objectives of developing linkage maps is to locate genes determining qualitative and
quantitative phenotypes. One of the unique attributes of the OWB is that many of the genes
determining the principal germplasm groups of barley are segregating in a single population. On
the one hand, this allows for simultaneous mapping of these genes and multiple marker loci. On
the other hand, some of these genes are likely to have pleiotropic effects on other phenotypes.
This was certainly the case for the reproductive fitness traits measured under greenhouse
conditions. Clearly, controlled environment conditions cannot reflect the complexity of
conditions encountered under field conditions and it is not appropriate to equate yield component
QTLs detected in an exotic cross such as the OWB under greenhouse conditions to
agronomically relevant germplasm assayed under field conditions. This is certainly the case for
ZEO1, which, as shown in Table 2, was coincident with highly significant QTLs for spike length,
grain number and plant height (with LODs of 93.4, 5.6 and 53.4, respectively). Dwarfing genes,
such as the sdwl/denso gene in barley (Jia et al. 2009) and the Rht genes of wheat (Febrer et al.
2009) are of tremendous agronomic value. In its current background, the dwarfing allele at ZEO1
has too extreme an effect on plant height and negative pleiotropic effects on spike length and
grain number to be of immediate agronomic interest. Furthermore, the pleiotropic effects of the
ZEOL1 locus altered the expected pattern of favorable allele effects at the VRS1 locus, which is

the principal determinant of the two-row and six-row germplasm groups of barley.

Two-row and six-row refer to the number of fertile florets per rachis node. Although most barley
breeders prefer to work within and inflorescence group type, crosses between groups are not

uncommon and several important biparental QTL mapping populations have been derived from
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two-row X six-row crosses (e.g. Cali sib x Bowman (Chen et al. 1994), Gobernadora x CMB643
(Zhu et al. 1999), Harrington x Morex (Marquez-Cedillo et al. 2000), and Morex x Barke (Kota
et al. 2001). Typically, two-row genotypes have fewer kernels/spike (lower grain number),
higher kernel weight and more spikes per plant. In the case of the OWBs, the pleiotropic effects
of the ZEO1 locus on spike length reversed this pattern for grain number. However, the effects in
this exotic cross, under greenhouse conditions, were consistent with those reported from
agronomically relevant crosses assessed under field conditions for hundred grain weight and
spike number (Table 2). Although QTL mapping of reproductive fitness traits in this exotic cross
under greenhouse conditions may be of limited practical utility, there is value in the OWB

population as a model for QTL analysis and instruction.

For example, the full set of 175 lines should be useful for obtaining better estimates of QTL
number, effect, and interaction than either of the smaller subpopulations. In the case of the traits
reported herein, however, pleiotropy and segregation distortion — attributed to ZEO1 — may be
more responsible for the higher LODs observed for most traits on chromosome 2H in the n= 175
population vs. the original population of n= 82 (Fig. 4). The same figure provides an illustrative
example of two large-effect QTLs, both with candidate genes, which are on the same
chromosome determining the same traits. We expected to optimize estimates of epistatic

interaction with the larger population. However, no significant epistasis was detected.

In conclusion, the comparisons of linkage maps derived from DH population derived from the
products of megasporogeneis and microsporogenesis revealed minor differences in terms of
estimated recombination rates and were made possible by the very high quality and repeatability
of the SNP data generated by the Illumina Golden Gate assay. For example, the OWB H.b.
subpopulation was genotyped with three Pilot OPAS in one laboratory (Close et al. 2009) and
the A.C. subpopulation was genotyped in another laboratory using Barley OPAS 1 and 2 (this
report) and yet the two data sets were integrated seamlessly. There was greater segregation
distortion in the A.C.-derived subpopulation than in the H.b.-derived population, but in the
region showing the greatest distortion, the cause was more likely a unique allele at a plant height
locus rather than an effect of the DH production method. The effects of segregation distortion
and pleitropy had greater impacts on estimates of QTL effect than population size for the traits

studied. The OWB population and data are community resources. Seed is available from three
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1 distribution centers located in North America, Europe, and Asia. Details on ordering seed sets, as
2 well as complete genotype and phenotype data files, are available at

3 (http://wheat.pw.usda.gov/ggpages/maps/OWB/).




O o0 NOULL B WN

R
= o

15

Acknowledgements

L. Cistu¢ was recipient of a Senior Research Fellowship from the Spanish Ministry of Science
and Innovation during his time with the Oregon State University Barley Project and his research
was financed by the Spanish Ministry of Science and Innovation thought the National Plan
Projects AGL2005-07195-C02-01 and AGL2008-05541-C02-01. Alfonso Cuesta-Marcos was
supported by a postdoctoral fellowship from the Spanish Ministerio de Ciencia e Innovacion
(MICINN). The BOPA SNPs were developed under the auspices of USDA-CSREES-NRI Grant
No 2006- 55606-16722 “Barley Coordinated Agricultural Project: Leveraging Genomics,
Genetics, and Breeding for Gene Discovery and Barley Improvement”. This paper is dedicated to
Dr. Bob Wolfe, whose vision and persistence led to the development of the Wolfe dominant and
recessive marker stocks.



10

11
12
13

14
15
16

17
18
19
20
21

22
23
24
25

26
27

16

References

Borner A, Buck-Sorlin GH, Hayes PM, Malyshev S, Korzun V (2002) Molecular mapping of
major genes and quantitative trait loci determining flowering time in response to photoperiod in

barley. Plant Breed 121:129-132

Chen FQ, Prehn D, Hayes PM, Mulrooney D, Corey A, Vivar H (1994) Mapping genes for
resistance to barley stripe rust (Puccinia striiformis f. sp. hordei). Theor Appl Genet 88:215-219

Cistué L, Echavarri B, Batlle F, Soriano M, Castillo A, Vallés MP, Romagosa 1 (2005)
Segregation distortion for agronomic traits in doubled haploid lines of barley. Plant Breed

124:546-550

Cistué¢ L, Romagosa I, Batlle F, Echavarri B (2009) Improvements in the production of doubled
haploids in durum wheat (Triticum turgidum L.) through isolated microspore culture. Plant Cell
Rep 28:727-735

Cistu¢ L, Vallés MP, Echavarri B, Sanz JM, Castillo AM (2003) Barley anther culture. In:
Maluszynski M, Kasha KJ, Forster BP, Szarejko I (2003) Doubled haploid production in crop
plants: a manual. Kluwer Academic Publishers, Dordrecht, The Netherlands. pp 29-35.

Close TJ, Bhat PR, Lonardi S, Wu Y, Rostoks N, Ramsay L, Druka A, Stein N, Svensson JT,
Wanamaker S, Bozdag S, Roose ML, Moscou M, Chao S, Varshney RK, Siics P, Sato K, Hayes
PM, Matthews DE, Kleinhofs A, Muehlbauer G, DeYoung J, Marshall D, Madishetty K, Fenton
RD, Condamine P, Graner A, Waugh R (2009) Development and implementation of high-
throughput SNP genotyping in barley. BMC Genomics 10:582

Costa JM, Corey A, Hayes PM, Jobet C, Kleinhofs A, Kopisch-Obusch A, Kramer SF, Kudrna
D, Li M, Riera-Lizarazu O, Sato K, Sziics P, Toojinda T, Vales MI, Wolfe RI (2001) Molecular
mapping of the Oregon Wolfe Barleys: a phenotypically polymorphic doubled-haploid
population. Theor Appl Genet 103:415-424

Devaux P, Kilian A, Kleinhofs A (1995) Comparative mapping of the barley genome with male
and female recombination-derived, doubled haploid populations. Mol Gen Genet 249:600—608



10

11
12
13

14
15
16

17
18

19
20
21
22

23
24

25
26

17

Febrer M, Wilhelm E, Al-Kaff N, Wright J, Powell W, Bevan MW, Boulton MI (2009) Rapid
identification of the three homoeologues of the wheat dwarfing gene Rht using a novel PCR-

based screen of three-dimensional BAC pools. Genome 52:993-1000.

Foisset N, Delourne R (1996) Segregation distortion in androgenic plants. In: Jain SM, Spory
SK, and Veilleux RE (eds), In Vitro Haploid Production in Higher Plants, Kluwer Academic
Publishers, Dordrecht 2:189—201

Forster BP, Heberle-Bors E, Kasha KJ, Touraev A (2007) The resurgence of haploids in higher
plants. Trends in Plant Sci 12:368-375

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen K, Fischbeck G, Wenzel G, Herrmann
RG (1991) Construction of an RFLP map of barley. Theor Appl Genet 83:250-256

Guzy—Wrobelska J, Szarejko I (2003) Molecular and agronomic evaluation of wheat doubled
haploid lines obtained through maize pollination and anther culture methods. Plant Breed

122:305-313

Hearden PR, Eckermann PJ, McMichael GL, Hayden MJ, Eglinton JK, Chalmers KJ (2007) A
genetic map of 1,000 SSR and DArT markers in a wide barley cross. Theor Appl Genet 115:383-
391

Hunter CP (1988) Plant regeneration from microspores of barley, Hordeum vulgare. PhD Thesis,

Wye College, University of London, London.

Jacquard C, Nolin F, Hécart C, Grauda D, Rashal I, Dhondt-Cordelier S, Sangwan RS, Devaux P,
Mazeyrat-Gourbeyre F, Clément C (2009) Microspore embryogenesis and programmed cell
death in barley: effects of copper on albinism in recalcitrant cultivars. Plant Cell Rep 28:1329-

1339

Jafary H, Albertazzi G, Marcel TC, Niks R (2008) High diversity of genes for nonhost resistance
of barley to heterologous rust fungi. Genetics 178:2327-2339

Jia QJ, JJ Zhang, Westcott S, Zhang XQ, Bellgard M, Lance R, Li CD (2009) GA-20 oxidase as

a candidate for the semidwarf gene sdw1/denso in barley. Funct Integr Genomics 9: 255-262.



10
11

12
13

14
15
16

17
18

19
20

21
22

23
24

18

Kao CH, Zeng ZB, Teasdale RD (1999) Multiple interval mapping for quantitative trait loci.
Genetics 152:1203-1216

Kasha KJ, Kao KN (1970) High frequency haploid production in barley (Hordeum vulgare L.).
Nature 225:874-876

Karakousis A, Gustafson JP, Chalmers KJ, Barr AR, Langridge P (2003) A consensus map of
barley integrating SSR, RFLP, and AFLP markers. Aust J Agric Res 54:1173-1185

Kota R, Varshney RK, Thiel T, Dehmer KJ, Graner A (2001) Generation and comparison of
EST-derived SSRs and SNPs in barley (Hordeum vulgare L.). J Hered 135:145-151

Kuenzel G, Korzun L, Meister A (2000) Cytologically integrated physical restriction fragment
length polymorphism maps for the barley genome based on translocation breakpoints. Genetics

154:397-412

Lambrides CJ, Godwin ID, Lawn RJ, Imrie BC (2004) Segregation distortion for seed testa color
in mungbean (Vigna radiata L. Wilcek). J Hered 95(6):532-535

Lapitan VC, Redofia ED, Abe T, Brar DS (2009) Molecular characterization and agronomic
performance of DH lines from the F1 of indica and japonica cultivar of rice (Oryza sativa L.).
Field Crops Res 112:222-228

Lenormand T, Dutheil L (2005) Recombination difference between sexes: a role for haploid

selection. PLOS Biol 3:396-403

Li J, Hsia A, Schnable PS (2007) Recent advances in plant recombination. Curr Opin Plant Biol
10:131-135

Lu H, Romero-Severson J, Bernardo R (2002) Chromosomal regions associated with segregation

distortion in maize. Theor Appl Genet 105:622—628

Lundqvist U, Lundqvist A (1998) Intermedium mutants in barley (Hordeum vulgare L.):

diversity, interactions and plant breeding value. J Appl Genet 39:85-96



10
11

12
13
14

15
16

17
18
19

20
21
22

23

24
25

26
27

19

Ma H, Busch RH, Riera-Lizarazu O, Rines HW, Dill-Macky R (1999) Agronomic performance
of lines derived from anther culture, maize pollination and single-seed descent in a spring wheat

cross. Theor Appl Genet 99:432-436

Maluszynski M, Kasha KJ, Forster BP, Szarejko I (2003) Doubled haploid production in crop
plants: a manual. Kluwer Academic Publishers, Dordrecht, The Netherlands pp 21-52

Manninen OM (2000) Associations between anther-culture response and molecular markers on

chromosomes 2H, 3H and 4H of barley (Hordeum vulgare L.). Theor Appl Genet 100:57-62

Marquez-Cedillo LA, Hayes PM, Kleinhofs A, Legge WG, Rossnagel BG, Sato K, Ullrich SE,
Wesenberg DM (2001) QTL analysis of agronomic traits in barley based on the doubled haploid
progeny of two elite North American varieties representing different germplasm groups. Theor

Appl Genet 103:625-637

Marshall DL, Marieken G. M. Shaner MGM, Oliva JP (2007) Effects of pollen load size on seed
paternity in wild radish: the roles of pollen competition and mate choice. Evolution 61:1925-

1937

Melchinger AE, Utz HF, Schon CC (1998) Quantitative Trait Locus (QTL) mapping using
different testers and independent population samples in maize reveals low power of QTL

detection and large bias in estimates of QTL effects. Genetics 149:383-403

Mezard C (2006) Meiotic recombination hotspots in plants. Biochem Soc Trans 34:531-534

Mufioz-Amatriain M, Castillo AM, Chen XW, Cistue L, Valles MP (2008) Identification and
validation of QTLs for green plant percentage in barley (Hordeum vulgare L.) anther culture.
Mol Breed 22:119-129

Payne RW (2006) The Guide to GenStat Release 9. VSN International, Hertford-hire.

Rikiishi K, Saisho D, Takeda K (2008) Uzu, a barley semi-dwarf gene, suppresses plant

regeneration in calli derived from immature embryos. Breed Sci 58:149-155

Rostoks N, Mudie S, Cardle L, Russell J, Ramsay L, Booth A, Svensson JT, Wanamaker SI,
Walia H, Rodriguez EM, Hedley PE, Liu H, Morris J, Close TJ, Marshall DF, Waugh R (2005)



10
11

12
13
14

15
16
17
18

19
20

21
22
23

24
25

20

Genome-wide SNP discovery and linkage analysis in barley based on genes responsive to abiotic

stress. Mol Genet Genomics 274:515-527

Stein N, Prasad M, Scholz U, Thiel T, Zhang H, Wolf M, Kota R, Varshney RK, Perovic D,
Grosse I, Graner A (2007) A 1,000-loci transcript map of the barley genome: new anchoring
points for integrative grass genomics Theor Appl Genet 114:823-839

Supena EDJ, Winarto B, Riksen T, Dubas E. van Lammeren A, Offringa R, Boutilier K, Custers
J (2008) Regeneration of zygotic-like microspore-derived embryos suggests an important role for

the suspensor in early embryo patterning. J Exp Bot 59: 803-814

Sziics P, Blake VC, Bhat PR, Chao S, Close TJ, Cuesta-Marcos A, Muehlbauer GJ, Ramsay L,
Waugh R, Hayes PM (2009) An integrated resource for barley linkage map and malting quality
QTL alignment. The Plant Genome 2:1-7

Thomas WTB, Forster BP, Gertsson B (2003) Doubled haploids in breeding. In: Maluszynski M,
Kasha KJ, Forster BP, Szarejko I (eds) Doubled haploid production in crop plants: a manual.
Kluwer Acad Publ, Dordrecht, pp 337-350

Torjek O, Witucka-Wall H, Meyer RC, von Korff M, Kusterer B, Rautengarten C, Altmann T
(2006) Segregation distortion in Arabidopsis C24/Col-0 and Col-0/C24 recombinant inbred line
populations is due to reduced fertility caused by epistatic interaction of two loci. Theor Appl

Genet 113:1551-1561

Torp AM, Andersen (2009) Albinism in Microspore Culture. A. Touraev et al. (eds) Advances in
haploid production in higher Plants. Chapter 12 pp.155-160. Springer Science.

Vales MI, Schon CC, Capettini F, Chen XM, Corey AE, Mather DE, Mundt CC, Richarson KL,
Sandoval-Islas JS, Utz HF, Hayes PM (2005) Effect of population size on the estimation of QTL:
a test using resistance to barley stripe rust. Theor Appl Genet 111:1260-1270

Van Ooijen JW (2006) JoinMap ® 4.0, Software for the calculation of genetic linkage maps in

experimental populations. Kyazma V.V., Wageningen, Netherlands.



(6, ]

O 00 N O

10

11
12

13
14

15
16
17

18

19
20
21
22

21

Varshney RK, Marcel TC, Ramsay L, Russell J, Roder MS, Stein N, Waugh R, Langridge P,
Niks RE, Graner A (2007) A high density barley microsatellite consensus map with 775 SSR
loci. Theor Appl Genet 114:1091-1103

Wang S, Basten CJ, Zeng Z-B (2001-2003) Windows QTL cartographer 2.5. Department of
Statistics, North Carolina State University, Raleigh, NC, USA

Wenzl P, Li H, Carling J, Zhou M, Raman H, Paul E, Hearnden P, Maier C, Xia L, Caig V,
Ovesna J, Cakir M, Poulsen D, Wang J, Raman R, Smith KP, Muehlbauer GJ, Chalmers KJ,
Kleinhofs A, Huttner E, Kilian A (2006) A high-density consensus map of barley linking DArT
markers to SSR, RFLP and STS loci and agricultural traits. BMC Genomics 7:206

Wolfe RI (1972) A multiple stock in Brandon, Canada. Barley Genet Newsl 2:170

Wolfe RI, Franckowiak JD (1991) Multiple dominant and recessive genetic marker stocks in

spring barley. Barley Genet Newsl 20:117-121

Xian-Liang S, Xue-Zhen S, Tian-Zhen Z (2006) Segregation distortion and its effect on genetic
mapping in plants. Chin J Agric Biotech 3:163-169

Xu Y, Zhu L, Xiao J, Huang N, McCouch SR (1997) Chromosomal regions associated with
segregation distortion of molecular markers in F,, backcross, doubled haploid, and recombinant

inbred populations in rice (Oryza sativa L.). Mol Gen Genet 253:535-545
Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics 136:1457-1468

Zhu H, Gilchrist L, Hayes P, Kleinhofs A, Kudrna D, Liu Z, Prom L, Steffenson B, Toojinda T,
Vivar H. (1999) Does function follow form? Principal QTLs for Fusarium head blight (FHB)
resistance are coincident with QTLs for inflorescence traits and plant height in a doubled-haploid

population of barley. Theor Appl Genet 99:1221-1232



Table 1. Number of SNP loci used for mapping each of the seven chromosomes of barley in
Hordeum bulbosum-derived (H.b.) and anther culture-derived (A.C.) doubled haploid (DH)
populations of barley, as well as in the combined (H.b.+A.C.) population and the total length of
each linkage group, and all linkage groups, in Haldane cM.

Chrom. Number H.b. A.C. H.b.+A.C.

of SNP 82 DH 93 DH 175 DH
1H 148 157.3 186.2 171.2
2H 199 188.8 193.8 190.4
3H 211 205.8 208.7 205.4
4H 187 127.4 156.9 141.9
5H 236 240.2 200.4 216.7
6H 182 159.1 146.3 151.0
7H 173 206.6 225.8 215.6

Total 1,328 1,285.2 1,318.1 1,292.2




Table 2. Summary of reproductive fitness trait QTL detected in the Oregon Wolfe Barley
mapping population (175 DH lines).

Peak Position Closest Additive LOD MIM
Trait QTLNo. Chrom.  (2-LOD conf. Interval) ~ Marker LOD  R? effect Threshold  R?
Spike Length 3.0 0.90
1 1H 170.7 (166.1-171.3) 2_0840 8.2 0.02 -0.48
2 2H 161.8 (160.6-163.3) 30396 934 0.83 -3.26
3 6H 92.2 (89.9-93.3) 30573 39 0.1 0.32
4 7H 124.6 (108.1-135.1) 21201 34 0.01 -0.32
Grain Number 2.9 0.69
1 1H 170.7 (103.4-106.3) 20840 40 0.03 -3.70
2 2H 104.8 (103.4-106.3) 1.1100 378 052 -14.61
3 2H 161.8 (154.0-168.8) 30396 5.6 0.05 -4.83
4 6H 82.8 (80.5-87.5) 20468 41 003 374
Floret Number 3.0 0.89
1 1H 169.0 (163.2-170.6) 1_0041 58 0.02 -3.24
2 2H 105.8 (104.1-106.8) 3.0897 873 081 -21.81
3 3H 62.4 (57.7-67.1) 3. 0721 40 001 -2.64
Hundred Grain Weight 3.0 0.67
1 2H 104.8 (102.9-106.9) 1.1100 38.0 054 0.61
2 7H 117.6 (113.3-127.3) 2.0685 105 0.09 0.25
Plant Height 3.1 0.75
1 1H 79.3 (78.7-88.9) 2_0696 54  0.03 -4.25
2 2H 160.8 (159.8-162.8) 30396 534 064 -20.84
3 3H 57.7 (48.6-68.1) 21189 53 0.03 4.23
4 4H 138.1 (134.8-140.1) 31422 56 0.04 4.50
5 6H 86.9 (81.7-91) 2_0673 5.7 0.03 4.39
Spike Number 3.0 0.29
1 2H 105.8 (99.0-109.6) 30897 129 024 3.03
Heading Date 2.9 0.30
1 1H 170.7 (163.1-171.3) 2_0840 49 008 -2.41
2 4H 134.1 (129.4-140.1) 20272 54 0.10 2.64
3 6H 88.5 (82.8-91) 2_0577 46 0.08 241




Figure 1. Number of apparent crossovers for each of the seven chromosomes of barley
in Hordeum bulbosum-derived (H.b.) and anther culture-derived (A.C.) doubled haploid
populations of the Oregon Wolfe Barley. Numbers on the X axis below chromosome
numbers represent p-values for the statistical contrasts between doubled haploid
production methods, using square root-transformed data.

250 7 AAcC OH.b.
O

. A
2.00 + 0

. A O

A B

150+ O A O

I A

O

1.00 1 | 1 1 | | 1

1H 2H 3H 4H 5H 6H 7H
(0.065) (0.743) (0.812) (0.099) (0.022) (0.221) (0.274)



Fig. 2. Chromosome 2H linkage maps from two subpopulations of doubled haploid lines (H.b. =
Hordeum bulbosum-derived and A.C. = anther culture-derived) and the combined population
(H.b. + A.C.) All maps were constructed using the same 199 SNPs. The map positions of three
loci determining key morphological traits (VRS1, ZEO1, and WST1) are shown in large font. The
single locus p-values of the y* test for segregation distortion are denoted by * p <0.05; **
p<0.01; and *** p<0.001
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Fig. 3. Allelic frequencies for the OWB-Dominant parental alleles across 1328 loci sorted by
map position. Genome-wide segregation distortion thresholds are calculated according to a
modified Bonferroni correction, considering 50 effective independent tests. Panel A shows
results based on 82 DH lines derived by the Hordeum bulbosum (H.b.) technique. Panel B shows
results based on 93 DH lines derived by anther culture (A.C.). Panel C shows results based on
175 DH lines (82 H.b.-derived lines and 93 A.C-derived lines)
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Fig. 4. LOD plots for reproductive fitness trait QTL on chromosome 2H mapped in the doubled
haploid (DH) Oregon Wolfe Barley population. Panel A shows results based on 82 DH lines
derived by the Hordeum bulbosum (H.b.) technique. Panel B shows results based on 93 DH lines
derived by anther culture (A.C.). Panel C shows results based on 175 DH lines (82 H.b.-derived
lines and 93 A.C-derived lines). Positions of two morphological trait loci — VRS1 and ZEO1 are
shown.
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