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Chapter 1: General introduction

1.1: Exploiting heterosis in plant breeding

Heterosis—the superiority of a progeny to its parents—underpins many of the yield
gains of maize (Zea mays L.) as well as other crops (Brummer 1999). The F, hybrids
exploiting heterosis are outstanding and symbolic examples of agricultural progress in
the latter half of the 20th century (Sleper and Poehlman 2006). Maize yield increases
have been about 20% per decade during this period (Russell 1984). Although many
studies (e.g. Stuber ef al. 1992; Xiao et al. 1995; Cockerham and Zeng 1996; Li et al.
2001) have been conducted to investigate the genetic bases of heterosis, particularly in
maize, no consensus exists about the genetic basis underlying this extremely important
phenomenon (Li et al. 2008; Zhou et al. 2012). Three major genetic hypotheses,
dominance, overdominance, and epistasis, have been proposed to explain heterosis. The
first hypothesis of dominance attributes heterosis to the canceling of deleterious or
inferior recessive alleles contributed by one parent, by beneficial or superior dominant
alleles contributed by the other parent in the heterozygous genotypes at different loci
(Jones 1917). The second hypothesis of overdominance attributes heterosis to the
superior fitness of heterozygous genotypes over homozygous genotypes at a single
locus (East 1936). The third hypothesis of epistasis attributes heterosis to positive
epistatic interactions between nonallelic genes (Jinks and Jones 1958). Evidence from
the results of studies presented above suggests that heterosis might be attributable to
dominance (Xiao et al. 1995; Cockerham and Zeng 1996), overdominance (Stuber et al.
1992; Li et al. 2001), or epistasis (Li ef al. 2001). In any hypothesis, the expression of
heterosis requires crossing between genetically divergent parents (Brummer 1999).

According to Russell (1984), maize varieties released in the 1980s have 66% higher



grain yield than those released in the 1920s. The long-term rapid yield improvement in
maize has been obtained by reciprocal recurrent selection (RRS) procedures with
heterotic groups rather than mere hybrid breeding alone. A heterotic group has been
defined as a collection of germplasm that tends to exhibit a higher degree of heterosis
when crossed with germplasm from an external group than when crossed with a
member of its own group (Lee 1995). As related terms, combining ability—the ability to
produce superior progeny—is used to identify desirable combinations of genotypes to
cross in the breeding of hybrid cultivars or to identify desirable parents to include in a
synthetic cultivar of a forage crop (Sleper and Poehlman 2006). General combining
ability (GCA) is defined as the average performance of a strain in a series of crosses and
is mainly attributable to additive effects. Specific combining ability (SCA) is defined as
the performance of specific combinations of genetic strains in crosses in relation to the
average performance of all combinations and is mainly attributable to non-additive
effects. To exploit heterosis, a breeding approach that capitalizes on SCA using heterotic
groups is more beneficial than that based on GCA (Scotti and Brummer 2010).

Most estimates of gains in forage yield in forage grasses or legumes are less than the
gains in maize (Casler 1998; Brummer 1999; Wilkins and Humphreys 2003; Brummer
and Casler 2009). A significant effect on heterosis or SCA has been found for several
forage crops such as alfalfa (Medicago sativa L.), tall fescue (Festuca arundinacea
Schreb.), smooth bromegrass (Bromus inermis Leyss.), perennial ryegrass (Lolium
perenne L.), orchardgrass (Dactylis glomerata L.), and timothy (Phleum pratense L.)
(Gau et al. 1989; Brummer 1999; Riday and Brummer 2002; Tamaki ef al. 2007; Robins
et al. 2012). Although heterosis breeding has not been used widely as a methodology for

forage grasses or legumes because of ineffectiveness in commercial seed production



resulted from their small perfect flowers and the lack of stable cytoplasmic male sterility,
a potentially effective path to improving forage yield in the future is to capitalize on
non-additive gene action by harnessing heterosis or SCA (Li and Brummer 2009), i.e. to

create and use heterotic groups for yield improvement in forage grasses or legumes.

1.2: Marker-based genetic distances and their relation to yield in plants

Knowledge of germplasm diversity and relations is important for the genetic
improvement of plants. Historically, attempts to estimate genetic distance (GD) or
genetic diversity based on information of pedigree (Moll et al. 1965), phenotypes
(Prasad and Singh 1986; He 1991), and isozyme polymorphisms (Frei et al. 1986;
Strauss 1986), and attempts to predict heterosis have been reported for several plants.
Molecular marker systems are useful tools for assessing genetic diversity within species
(Varshney et al. 2005). Because of the initial lack of genetic information,
non-species-specific marker systems such as random amplified polymorphic DNA and
amplified fragment length polymorphisms have long dominated research on genetic
diversity (Kolliker ef al. 2009). These methods yield multilocus genetic data from single
polymerase chain reaction (PCR) assays and therefore enable the investigation of
numerous loci at low cost, although these methods must be treated as dominantly
inherited (Kolliker et al. 2009). Consequently, co-dominant marker systems such as
simple sequence repeat (SSR) markers have been developed in several plants. These
markers have numerous benefits related to the ability to detect multiple alleles at one
specific locus, a high rate of polymorphism, reproducibility and transferability,
(Kolliker et al. 2009). Additionally, several markers located in coding regions such as

expressed sequence tag and single nucleotide polymorphism have been developed,



whereas genomic SSR might often be located in non-coding regions (Kolliker et al.
2009).

Several studies have described a positive correlation between marker-based GD and
yield performance in maize (Marsan et al. 1998; Betran et al. 2003; Reif et al. 2003; Qi
et al. 2010), rice (Oryza sativa L.; Jaikishan et al. 2010), soybean (Glycine max [L.]
Merr.; Barroso et al. 2003) and oilseed rape (Brassica napus L.; Riaz et al. 2001),
although other studies have failed to find such a correlation for maize (Melchinger et al.
1992; Benchimol et al. 2000), wheat (Triticum aestivum L.; Liu et al. 1999), soybean
(Cerna et al. 1997; Manjarrez-Sandoval et al. 1997), and potato (Solanum tuberosum L.;
Bonierbale ef al. 1993). Heterotic groups have been identified based on molecular
marker diversity in maize (Enoki et al. 2002; Reif et al. 2003), chickpea (Cicer
arietinum L.; Sant et al. 1999), and hop (Humulus lupulus L.; Townsend and Henning
2005). Although DNA marker loci assayed in many studies were not substantially
associated with genes related to yield components including both additive and
non-additive effects, genetic diversity of molecular markers can provide breeders
helpful information to support yield improvement by pre-selecting parental
combinations and by identifying heterotic groups to exploit heterosis or SCA (Reif et al.
2003).

Expression of heterosis in population crosses requires two conditions: directional
dominance at loci controlling the trait of interest, and differing allele frequencies at
those loci in the populations to be crossed (Brummer 1999). Genetic diversity therefore
substantially influences the success of breeding in cross-pollinating forage crop species
through various mechanisms such as heterosis, combining ability, and inbreeding

depression (Kolliker et al. 2005). It is widely accepted that GD itself among parents is



correlated with heterosis and synthetic variety performance in forage grasses and
legumes (Veronesi et al. 2003). Attempts to find relations between marker-based GD
and forage yields have been reported in forage grasses and legumes such as alfalfa
(Kidwell et al. 1994, 1999; Tucak et al. 2011), white clover (Trifolium repens L.; Joyce
et al. 1999), perennial ryegrass (Kolliker et al. 2005), tall fescue (Amini et al. 2011),
and orchardgrass (Robins et al. 2012). Although failed studies of alfalfa have been
reported (Kidwell ef al. 1999), molecular markers are particularly helpful in identifying
genetically similar germplasm when large germplasm collections exist but no heterotic
groups are available (Reif et al. 2003). For timothy, no report in the relevant literature
has characterized the relations between marker-based GD and forage yields. Genetic
diversity per se is insufficient to show heterosis expression because highly divergent
populations or certain cases of multiple allele populations might prevent the expression
(Moll et al. 1965; Cress 1966; Bonierbale et al. 1993). Therefore, various materials on
various mating design must be evaluated for relations between marker-based GDs and

forage yields.

1.3: Breeding methods in forage grasses and legumes

Posselt (2010) described the structure of breeding methods in outbreeding forage
grasses and legumes partitioning into three breeding phases: (i) procuring initial
variation, (i1) forming varietal parents, and (ii1) testing varieties. In brief, the first phase
is the creation of the base population. The second phase is selection of the best
individuals as the immediate parents of the first generation used to construct
experimental varieties, or to create an improved breeding population. The third phase is

construction and evaluation of experimental varieties. In the first phase, forage grass



and legume breeders can select for base population from germplasm such as wild
relatives, ecotypes, landraces (e.g. farm varieties), improved breeding materials (e.g.
populations, families, clones), and released varieties. Pre-breeding might be necessary
before the first phase if non-adopted materials were used. A high degree of genetic
diversity within outbreeding forage populations might be desirable because genetic
diversity might increase the adaptability and fitness of populations (Reed and Frankham
2003). In the second phase, several population improvement systems were adopted:
recurrent restricted phenotypic selection, conventional half-sib progeny test, among-
and within-family selection, and recurrent multistep family selection (Vogel and
Pedersen 1993). The choice of methods of selection including mating designs in the first
phase depends on the breeder, stage of breeding program, stage of germplasm
development, and the stage of knowledge of the population and breeding objectives
(Posselt 2010). In the third phase, population varieties of two types are distinguishable:
open-pollinated varieties, which are the result of population improvement through
recurrent selection, and synthetic variety. The development of synthetic varieties, in
which a limited number of non-inbred parents possessing superior combining ability
were intercrossed (Sleper and Poehlman 2006), was widely adopted in many forage
grasses and legumes (Brummer 1999; Tamaki et al. 2007).

Historically, forage crop breeders have relied mainly on three approaches to improve
forage yields: (i) post-synthesis selection, which involves developing numerous
synthetic or open-pollinated varieties from selections made in spaced plantings or sward
plots based on various morphological and maturity classes, and increasing seed to an
advanced generation; (ii) uni-directional or bi-directional selection for a specific

morphological or physiological trait with subsequent determination of its effect on



sward-plot forage yield; and (iii) direct selection for forage yield per se, mostly on
spaced plantings (Casler 1998). Of the three approaches, the post-synthesis selection has
been the most widely used in breeding programs. It has achieved steady gains for forage
yields (Casler 1998). Recently, genotypic selection systems using progeny test selection
such as conventional half-sib progeny test, among- and within-family selection, and
recurrent multistep family selection, while using only a fraction of additive genetic
variance, have been recommended for producing long-term improvements in forage
yield (Vogel and Pedersen 1993). A potentially effective path to improving future forage
yields is to capitalize on non-additive gene action by harnessing heterosis or SCA
(Chapter 1). Methods of hybrid production with the aim of capturing heterosis or
exploiting SCA have been proposed for cross-pollinating species for which inbred
development is not feasible because of inbreeding depression. These include the use of
partial inbreeding to create free hybrids, synthetic populations, top-cross hybrids,
semi-hybrids, modified synthetic variety, clone and strain synthesis (CSS), or the use of
male sterility (Brummer 1999; Tamaki et al. 2007, 2009; Scotti and Brummer 2010;
Robins 2012). Of these methods, a CSS approach, which exploits both GCA and SCA
and which minimizes the risk of inbreeding depression, has been used to develop strains
producing significantly higher yield performance in timothy (Tamaki et al. 2009). The
CSS scheme consists of two procedures: (1) crossing two seed parental clones (SPs)
with a common pollen parental strain (PP) for seeds harvested from the two SPs as first
generation synthetic progenies (Synl), and (ii) even mixing of the Synl seeds to
produce subsequent generations, as is done to develop conventional synthetic strains
from several parental clones. Therefore, CSS is similar to variety synthesis by

combining top-cross progenies.



1.4: Timothy — materials in this thesis

Timothy, an important cool-season perennial and cross-pollinating forage grass species,
is used as the material for all experiments in this study. Although wild populations of
Phleum represent a polyploidy series from diploids to octoploids, the cultivated timothy
is a hexaploid (2n = 6x = 42) species with a high degree of self-incompatibility. The
genomic composition of hexaploid timothy remains unresolved (Cai ef al. 2003; Tamaki
et al. 2010), but some evidence suggests that the genome contains two doses (AA) of
the diploid Phleum alpinum L. and four doses (BBBB) of the diploid Phleum nodosum
L., i.e., AABBBB (Stewart et al. 2009). Timothy is cultivated for hay, silage and pasture
across the Northern Hemisphere. In Nordic countries, eastern Canada and Hokkaido, the
northernmost Japanese island, timothy is an extremely valuable forage grass species
because of its adaption to the cool and humid northern climate, considerable winter
hardness, and good quality as fodder (Casler 2001b; Helgadottir and Seveinsson 2006;
Tamaki et al. 2010). The amount of timothy seed sold in eastern Canada is twice as
much as that of all other grasses (Tamaki ef al. 2010). Timothy occupies approximately
80% of total grassland in Hokkaido (Ashikaga 2012).

Timothy breeding specifically emphasizes dry matter production, forage quality,
persistency, and tolerance to biotic and abiotic stresses (Ueda 1990; Larsen and Marum
2006; Tamaki et al. 2010). The improvement of forage yield continues to be an
important breeding achievement in any site, although the priority differs depending on
the breeding site. In Japan, they rely primarily on recurrent selection based on a
polycrossing system with spaced-plant and drilled-row evaluations, where synthetic

varieties and open-pollinated varieties were developed through among- and



within-half-sib family selection, and specifically examine forage yield, disease
resistance, forage quality, lodging resistance and competitiveness with legumes (Tamaki
et al. 2010). A steady yield increases in Japanese breeding programs had been achieved
mainly through improvement of regrowth vigor and a higher ratio of internode
elongation stems in the second harvests only accounting for approximately one third of
annual yields (Tamaki 2005; Tamaki et al. 2010). Larsen and Marum (2006) reported
that substantial increases in yield through breeding have been difficult to achieve in
Europe. In addition, Tamaki et al. (2010) described that the yield increase through
breeding in Japan was only 3.2% per decade between 1969 and 2004. Unsuccessful
selection experiments in Canada have been reported, where no yield increase was
observed in either sward or spaced-plant trials by three cycles of recurrent restricted
phenotypic selection under spaced-plant plots (Shateryan ef al. 1995).

With regard to tools for molecular breeding, 822 genomic SSR markers have been
developed from hexaploid timothy, with polymorphism in eight hexaploid timothy
clones (Cai et al. 2003, 2009). Of all 822 SSR markers, 664 markers were also
amplified in the diploid P. nodosum and the tetraploid P. alpinum species. An
unsaturated linkage map (total length = 445 c¢cM) was constructed for diploid timothy
with 226 SSR markers distributed in seven linkage groups (Cai et al. 2009). Several
molecular marker tools have been used to assess genetic diversity in timothy, including
restriction fragment length polymorphism (Ogawa et al. 2001), amplified fragment
length polymorphism (Ogawa et al. 2001), random amplified polymorphic DNA (Guo
et al. 2003), universally primed PCR (Guo et al. 2003), genomic SSRs (Cai et al. 2003),
and inter-SSR markers (JonaviCien¢ et al. 2009). Consequently, readily available

applications exist of molecular markers for timothy breeding.



1.5: Objectives and composition of this thesis

Grasslands produce vast amounts of forage for ruminants, maintain soil fertility, protect
and conserve soil and water resources, harbor a stock of carbon in the terrestrial
ecosystem, create a habitat for wildlife, and provide recreational spaces for sport and
leisure while contributing to the general benefits simultaneously as maintaining
sustainable economic outputs (Yamada 2013). Better production infrastructure for
grasslands required for proper material recycling among elements of the soil-grass—cow
production change (Ashikaga 2012). However, current dairy production systems being
an important industry in Hokkaido, Japan, have depended on imported feed, in
particular concentrated feed with high nutritive value. This method can result in the
increase of nitrogen from outside regions. The Japanese government produced the Basic
Plan for Food, Agriculture and Rural Areas in March 2005, in which increasing the food
domestic self-sufficiency rate and shifting to an environmentally friendly agricultural
system were proposed (Ashikaga 2012). According to that plan, even greater prevalence
of high-yielding superior varieties of forage crops such as maize and forage grasses and
legumes was recommended in Hokkaido (Hokkaido Government 2012). Especially, for
the food domestic self-sufficiency rate to increase, it is important to raise the cultivated
area and unit yield of maize, which can be substituted for concentrated feeds. Besides
maize, it is important to raise the unit yield of forage grasses and legumes in limited
area of grasslands that can supply protein and mineral components as well as fiber such
as cellulose. Improvement of forage yields of timothy, which were cultivated in
approximately 80% of all grasslands in Hokkaido, can strongly affect dairy farming in

Hokkaido and contribute to the promotion of environmentally friendly agricultural
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systems based on domestic self-sufficiency feed.

This study was performed to propose timothy breeding schemes based on genetic
diversity using DNA marker polymorphism for the long-term improvement of forage
yields capturing heterosis or SCA. To realize this breeding strategy, the following
knowledge is required: (i) genetic parameters of forage yields such as genetic variation
and heritability, (ii) relations between marker-based GDs and forage yields in several
mating designs, and (iii) usefulness of genetic diversity based on DNA marker
polymorphism and relative contribution of genetic effect in methods of variety
development. This dissertation comprises six chapters including the general introduction
in this chapter. Chapter 2 presents initial steps of this breeding strategy. Genetic gains
and heritability for forage yields were examined and reconfirmed based on datasets of
timothy breeding programs at Kitami Agricultural Experiment Station (KAES),
Hokkaido Research Organization, Kunneppu, Hokkaido, Japan. Relations between
marker-based GDs and forage yields of timothy were examined in a polycross mating
design including conventional synthetic varieties and polycross progenies (Chapter 3),
top-cross progenies (Chapter 4), and CSS strains (Chapter 5: 5.1). Based on these
relations, parental selections in polycross breeding schemes using molecular marker
diversity are explained in Chapter 3. The study in Chapter 4 specifically addresses the
application of top-cross progenies and potential use of GDs in CSS breeding scheme by
synthesizing top-cross progenies. In Chapter 5, some verification on CSS development
was conducted for the relative contribution of combining ability (Chapter 5: 5.1), and
inbreeding depressions in a CSS strain (Chapter 5: 5.2). In Chapter 6, which presents
general discussion, selection simulations were performed based on the results obtained

in Chapter 2-5. Finally, a proposed breeding method for yield improvement based on

11



genetic diversity using DNA marker polymorphism is discussed along with its

prospects.
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Chapter 2: Genetic gains and heritability for forage yields of timothy in Japanese
breeding programs

Introduction

Maize yield increases have been approximately 20% per decade since the widespread
adoption of single crosses in 1960 (Duvick 1992; Tamaki et al. 2007). In cereal crops
such as wheat (Triticum aestivum L.) and rice (Oryza sativa L.), yield increases
achieved through breeding have been approximately 10% per decade (Donmez et al.
2001; Fischer and Edmeades 2010; Gourdji et al. 2013; Khush 2013), although the yield
gain has tended to decrease. As one notable example, the rice yield gain has fallen from
23% per decade during 1970-1990 to 15% during 1990s and to less than 10% during
the first decade of present century (Khush 2013). By contrast, gains of forage crop
yields by breeding are low to nonexistent, despite intensive breeding efforts in
numerous forage species (Larsen and Marum 2006; Casler 2008; Casler and Brummer
2008). The most estimates of gains in forage crops yield are less than the gains made for
grain yield of cereal crops (Casler 1998; Brummer 1999; Wilkins and Humphreys 2003;
Tamaki ef al. 2007; Brummer and Casler 2009; Tamaki et al. 2010). Several reasons for
this yield lag in forage crops relative to crop species such as maize are (i) a longer
breeding cycle for forage crops, most of which are perennials, (i1) lack of a “harvest
index” trait to aid dry-matter partitioning into the economic product, (iii) inability to
exploit heterosis in commercial varieties such as severe inbreeding depression on
creating inbred lines, self-incompatibility, small perfect flowers and lack of stable
cytoplasmic male sterility (Casler 1998, 2001a; Wilkins and Humphreys 2003; Tamaki
et al. 2007; Casler and Brummer 2008).

Genetic gains (4G) are influenced by two main components as AG = h>S, where h?

13



is the narrow sense heritability and S denotes the selection differential (Brummer and
Casler 2009). Narrow sense heritability, the ratio of additive genetic variance to
phenotypic variance, representes the amount of heritable variance that is present in the
population. A trait with high narrow sense heritability is expected to respond readily to
selection. The additive genetic variance is a property of the population, and the
phenotypic variance includes genetic (both additive and non-additive), environmental,
and genotype-by-environment components. The latter two components can be decreased
by increasing the number of replications and environments in which the breeding
material is tested, and by using experimental designs or spatial analyses that reduce
error variance. Consequently, narrow sense heritability is not a static feature for a given
trait. Rather, it can vary depending on the population being evaluated and the
characteristics of the evaluation nursery. The selection differential S is the product of the
intensity of selection & and the phenotypic standard deviation (SD) of the population
(Brummer and Casler 2009). For the among- and within-half-sib family selection
adopted in timothy breeding at KAES, AG influences /4> and S respectively in half-sib
family and among individuals within half-sib family.

Until 1965, timothy plants in Hokkaido were represented by only one variety,
‘Climax’, aside from ‘Hokkaido Local’, which was originally introduced from the
United States in 1874 (Ueda 1990). Since 1964, the national breeding program and
network system of timothy started in Hokkaido, where improvement of the forage yield
was a continuous major breeding achievement (Ueda 1990). Now, 20 timothy varieties
had been released during 1969-2014 through breeding efforts in Hokkaido, accounting
for most commercial seeds in Hokkaido. Tamaki et al. (2010) calculated the genetic

gain of 3.2% per decade during 1969-2004 based on a comparison between ‘Senpoku’
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(Ueda et al. 1971) registered in 1969 and ‘Horizon’ (Tamaki et al. 2002) registered in
2004. An initial step to yield improvement of this breeding strategy needs to be the
identification of genetic gains or heritability for forage yields in the three phases of
timothy breeding in Hokkaido.

This study was conducted to evaluate the following: (i) genetic gains achieved
through breeding in Hokkaido based on a dataset of the local-adaptability tests that were
done during 19662014, (i1) narrow sense heritability among individuals within families
for forage yields by a parent—offspring simultaneous test, and (iii) narrow sense
heritability among half-sib families for forage yields based on dataset of polycross
progeny tests that were done during 1971-2013. In addition, the potential of genetic
gains for forage yields was estimated by selection simulation conducted with the genetic

parameters listed above for this experiment.

Materials and methods

Timothy local-adaptability tests in Hokkaido since the 1960s

Dataset of timothy local-adaptability tests conducted in Hokkaido during 1966-2014
was used in this experiment (Table 2.1). Details of the outlines of the tests were
described earlier in the literature (Ueda et al. 1971, 1977; Furuya 1985; Furuya et al.
1992a, 1992b; Shimokoji 1994a, 1994b, 1995; Tamaki et al. 2002; Fujii et al. 2010a,
2010b, 2014; Ashikaga et al. 2012, 2014). In these tests, the annual dry matter yields
(DMYs) of 16 timothy varieties, which had been had been registered in the forage
grasses and legumes variety lists recommended in Hokkaido as nine early maturing
hay-types and seven medium maturing hay-types, were examined in each test with a

check variety at multiple locations (Table 2.1). The yield performances of the 16
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varieties were estimated based on averaged annual DMY's (% of check variety in each
local-adaptability test) at multiple locations over experiment-years except for a
seedling-year, where the value of ‘Climax’ was equal to 100. Genetic gains of forage
yields of early and medium maturing timothy in Japan were estimated based on the
yield performance estimates by the slope coefficients of simple linear regression within
each maturing group as PY = a + AG Yr, where PY represents the performance estimate
(% of ‘Climax’), a denotes the intercept of the regression, AG stands for the slope
coefficient defined as the genetic gain (% of ‘Climax’ per year) of forage yield in this
experiment, and Y7 signifies the year registered in the variety lists recommended in
Hokkaido. To compare the slope coefficients of maturing groups, an F-test was
performed on variances of the group-by-slope interaction and residual in analysis of

covariance, i.e., a test of the assumption of homogeneity of regression slopes.

Parent—offspring simultaneous test

This experiment used 15 early maturing parental clones and their polycross half-sib
progenies. These materials had been selected for various agronomic traits such as forage
yield, lodging resistance, competitiveness with legumes, and seed yields. Two groups
derived from different selections constitute the 15 parental clones, which were
representatives of current early maturing timothy breeding population. One group
included nine parental clones selected mainly for resistance to the purple spot by
Cladosporium phlei (Gregory) de Vries, and forage yield based on observations at
spaced-plant trials in 1987-1988. The other group comprised six parental clones
selected mainly for lodging resistance, competitiveness with legumes, and forage yield

based on observations at spaced-plant trials in 1999. The parental clones were planted
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on 31 May 2010 at KAES (43°47'N, 143°42°E) on a high-humic haplic wet andosol
with spacing of 0.6 x 0.6 m in a randomized complete block design (RCBD) with two
replications. The progenies were sown on 31 May 2010 in single seedling rows 0.85 m
long and 0.6 m apart, in an RCBD with three replications in the same field as the
parental clones. Seeding-year (planting-year) management consisted of three harvests
without data collection to manage annual weeds, with total applications of 120 kg N
ha™!, 172 kg P,Os ha™!, and 120 kg K>O ha™! in spaced-plant plots, and 112 kg N ha™!,
162 kg P»Os ha!, and 112 kg K>O ha™! in drilled row plots. Three harvests per year
were conducted in 2011 and 2012 in mid-June, early August, and early October, where
plants were clipped to a 10 cm stubble height. Spaced-plant plots were fertilized as
follows: 75 kg N ha™!, 150 kg P»Os ha™! and 75 kg K>O ha™! in early spring, 40 kg N
ha!, 46 kg P>Os ha™! and 40 kg K>O ha™! immediately after the first harvest and 40 kg
N ha'!, 46 kg P»Os ha! and 40 kg K>O ha! immediately after the second harvest.
Drilled-row plots were fertilized as follows: 78 kg N ha™!, 157 kg P,Os ha! and 78 kg
K0 ha! in early spring, 44 kg N ha™!, 50 kg P,Os ha™! and 44 kg K,O ha™! immediately
after the first harvest and 36 kg N ha!, 41 kg P,Os ha! and 36 kg K,O ha’
immediately after the second harvest. Dry matter yields (g plot!) in each plot were
measured at each harvest. Annual DMYs of parental clones and their progenies over two
years (2011-2012) were subjected to analysis of variance (ANOVA) on an RCBD
design with entry and block random effect factors. The narrow-sense heritability (Ax?)
of annual DMY was estimated using the parent—offspring regression method with the
following equation (Tamaki 2004): x> = 2 10 (0o thy /| O o). Therein, rpo is a
correlation coefficient between parents and offspring, o, and o, respectively denote SD

of parents and offspring, for annual DMYs, and 4, and u, respectively represent means
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of annual DMY's of parents and offspring.

Polycross progeny tests at Kitami Agricultural Experiment Station since the 1970s

Dataset of 100 entries examined in 11 polycross progeny tests at KAES during
1971-2013 were used in this experiment. The 100 entries included five early maturing
check varieties, ‘Climax’, ‘Hokuo’ (Furuya 1985), ‘Senpoku’ (Ueda et al. 1971),
‘Nosappu’ (Ueda et al. 1977), and ‘Aurora’ (Shimokoji 1994a), which were examined
over multiple tests. The other 95 entries, some of which were also examined over
multiple tests, were early maturing polycross progenies derived from clones selected
under spaced-plant evaluations emphasizing several traits in KAES. They were the
representatives of the early maturing breeding populations at KAES. Outlines of the 11
polycross progeny tests are shown in Table 2.2. In each polycross progeny tests, the
means of annual DMYs (Mg ha!) over two or three years except for seedling-year were
examined. The broad-sense heritability (4g?) of the annual DMYs in each polycross
progeny test was estimated based on the F-value of the entries in ANOVA as follows
(Tamaki 2004): s> = 1 — 1 / F-value. The random effects of the entries were estimated
using best linear unbiased prediction (BLUP) based on the annual DMY's according to
the mixed effect model of y = X + Za + &, where y is the vector of annual DMYs, £
and o respectively denote vectors of fixed and random effects, X and Z are the
associated design matrices, and ¢ is a random residual vector. The fit of the model by an
iterative process gives estimates of the variance components, a prediction of random
vector and a solution for the fixed effect vector. The process most used to estimate the
components of variance is restricted/residual maximum likelihood (REML), developed

by Patterson and Thompson (1971). Heritability (4%) among half-sib families was
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estimated according to the expression 4* = oG / (66 + ¢°g), where o° denotes random

effect variance and o’k represents residual variance in the REML process.

Selection simulation

Based on the grand mean and variance components in REML/BLUP procedure and the
narrow sense heritability among individuals within families obtained using
Parent—offspring regression method, the potential of genetic gain for the forage yield of
timothy in Japan was estimated by selection simulation performed with R statistical
software (GNU General Public License; Appendix A). The population size was set as
8000 individuals of 80 half-sib families (100 individuals per half-sib family), which was
a conventional population size in timothy breeding at KAES. The selection pressures in
among- and within-half-sib family selection were 0.05 (among individuals within
half-sib families) and 0.2 (among half-sib families), i.e., 80 superior individuals of 16
superior half-sib families were selected from 8000 individuals of 80 half-sib families.
The genetic increases of forage yields through four selection cycles were calculated by
generating arbitrary random numbers following the genetic parameters with 100
replications. Predictions of forage yields were calculated as (Posselt 2010) Y; = pi1 + [2
(n — 1) / n*] EBLUP;, where Y; is the prediction of the i th selection cycle, 1 is the
mean of parental candidates in the i th selection cycle (po is the grand mean in
REML/BLUP procedure), n is the number of selected parents (» = 80 in this
experiment), and XBLUP; is the sum of BLUP of selected parents in the i th selection

cycle.

Results
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Genetic gains of forage yields based on timothy adaptability tests in Hokkaido

The yield performance estimates of 16 varieties were 106—143% of ‘Climax’ (Table 2.1).
The regression analysis within the group of early maturing varieties indicated —503 as
the intercept (¢#-value = 4.34; df = 7; p < 0.01) and 0.31 as the slope coefficient (z-value
=5.33; df = 7; p <0.01), which demonstrated that the genetic gain of forage yields of
early maturing timothy in Japan was equal to 3.1% per decade from 1969-2014 (Fig.
2.1). In the cases of the group of medium maturing varieties, the intercept and slope
coefficients were —1180 (¢-value =4.17; df = 5; p < 0.01) and 0.66 (¢-value = 4.64; df =
5; p < 0.01), showing that the genetic gain was equal to 6.6% per decade during
19842014 (Fig. 2.1). The slope coefficients differed among maturing groups because
of significant group-by-slope interaction (means of square = 72.8, 11.8; F-value = 6.19;

df=1, 12; p < 0.05).

Heritability of timothy forage yield based on parent—offspring regression method

The annual DMYs of parental clones were 111-556 g plot™! with the mean (z,) of 337 g
plot™! and the SD (o) of 135 g plot™!. Significant (F-value = 8.92; df = 14, 14; p <
0.001) difference among the annual DMY's of parental clones were found. The annual
DMYs of polycross progenies were 726-955 g plot ' with 808 = 61 g plot™!' [the mean +
SD (u £ ov)]. Significant difference (F-value = 2.11; df = 14, 42; p < 0.05) among
polycross progenies was found. The correlation between parents and offspring (7,,) for
the annual DMY's was 0.07 (p > 0.05). The estimate of narrow sense heritability among

individuals within family was 0.03 (Fig. 2.2).

Best linear unbiased predictions of forage yields based on timothy polycross
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progeny tests

The grand mean was 11.1 Mg ha! in the dataset of the 11 polycross progeny tests. The
BLUP values were —0.92 to 0.60 with mean of 0.0 Mg ha™!. Variance components for
forage yields of polycross progenies by REML were estimated as 0.115 (%) and 0.150
(0’). These showed a moderate heritability estimate (#> = 0.43) among half-sib

families.

Selection simulation

The transition of forage yields with selection cycles was shown in Fig. 2.3. The genetic
gain by four cycle selection simulation (mean = SD) was 1.19 £ 0.17 Mg ha™,
corresponding to 10.7 + 1.5% of an initial selection cycle (Yo = 11.1 Mg ha™!). On the
assumption that operation of one cycle took the shortest five years (Tamaki 2005), a
potential of yield improvement in early maturing population was 5.4% per decade. To
realize the genetic gain of 3.1% per decade calculated from the dataset of early maturing
timothy local-adaptability tests, time requirements for the among- and within-half-sib

family selection were approximately 8-9 years per selection cycle.

Discussion

The low genetic gains for forage yields of timothy in Japan (3.1-6.6% per decade) were
similar to those of other grasses and legumes (Wilkins and Humphrey 2003). The
genetic gain in an early maturing variety (3.1% per decade) showed good agreement
with the value reported by Tamaki et al. (2010). The reasons for this yield lag of
timothy to grain crops such as maize include the three aspects already described in the

Introduction: a longer breeding cycle, lack of a “harvest index” and inability to exploit
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heterosis. In addition, difficulties for yield improvement in timothy lie on polyploidy,
low heritability and selection intensity, interactions under spaced-plant plot and
sward-plot trials, and a wide array of other target traits. Polyploidy in many forage
grasses and legumes species complicates inheritance of the traits and results in low
selection efficiency (Yamada 2013), that applied to hexaploid nature of cultivated
timothy. The low narrow-sense heritability estimate among individuals within half-sib
family (x> = 0.03) is attributable to an intrinsic feature itself for forage yields and
interactions under spaced-plant plot and drilled-row plot trials. Low correlations,
inconsistent rankings, and genotype by spacing interactions have been reported for
forage yields between spaced plants and sward plots in several forage grasses including
timothy (Helgadottir and Bjornsson 1994; Waldron et al. 2008). In addition, visual vigor
ratings are often used as a proxy for yield in case of individual selections, although the
genetic correlation between forage yield and vigor rating might not be strong (Wilkins
and Humphreys 2003). The moderate heritability (0.43) among half-sib families
indicated promising genetic gains for forage yields by polycross progeny tests
evaluating additive effect. However, these progeny tests were typically based on fewer
families and lower selection intensities than those among individuals. The lack of yield
improvement can be ascribed in many cases simply to the practice of not selecting for
yield per se (Casler and Brummer 2008). Many other traits including nutritive value and
disease resistance must also be improved. Yield improvement is often not the emphasis
of the program except for post-synthesis selection because yield is not easily measured.
In the cases of timothy breeding in Japan, breeding efforts have also been devoted to
resistance to the purple spot disease caused by Cladosporium phlei (Gregory) de Vries,

winter hardness, competitive ability toward legumes (or weeds), seed yields, logging
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tolerance in the first harvest, nutritive values including dry matter digestibility, and
water-soluble carbohydrate concentration and assortment of maturing type (Tamaki
2005; Tamaki et al. 2010; Ashikaga 2012). Most of the traits have no or negative
relation to forage yields, although the improvement of disease resistance, winter
hardness, and competitive ability indirectly cause forage yield gains. In terms of the
assortment of maturing type, extensive breeding efforts have been undertaken because
different base populations have been established for each of the maturity groups.

Differences of genetic gains among early and medium maturing types (3.1 vs. 6.6%
per decade) were found from this study. One reason might be a stage of the breeding
program. Whereas the breeding for early maturing type started since the 1960s based
mainly on ‘Hokkaido Local’ originally introduced from the United States by the
“Hokkaido Kaitakushi (Commission of Hokkaido Colonization)” in 1874 (Ueda 1990;
Tamaki et al. 2010), that for medium maturing-type were started from the 1970s using
materials derived from ‘Hokkaido Local’ and introduced materials having several
foreign origins (Furuya et al. 1992a, 1992b). These might result in different amounts of
variance of additive effects for forage yields. Greater variation on GCA values
evaluated by polycross progeny tests of medium maturing population in the breeding
program at KAES was found than that in early maturing population (data not shown).
Another reason might be a difference of growth period, which strongly influences light
scattering characteristics such as the leaf area index contributing to additive effect for
forage yields (Kawata and Matsunaka 1998, 1999).

Results in these experiments have indicated that some measures should be taken for
more effective yield improvement, especially in early maturing populations. Selection

of breeding aims and concentration of breeder efforts can shorten the selection time,
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which would be approximately 89 years per selection cycle in the conventional
breeding scheme because the potential for yield improvement in early maturing
populations is 5.4% per decade. However, the selection and the concentration have
limitations for forage breeders having many requirements from farmers, companies,
researchers, and governments. Furthermore, the potential of gains per se was not so
high. These indicated limitations of the conventional timothy breeding scheme at KAES
only for exploiting an additive effect. In the following chapters (Chapters 3—6), the
author aims at proposing a breeding scheme that exploits non-additive effects for forage

yield improvement.
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Figure 2.1 Genetic gains (4G) of forage yields of timothy (Phleum pratense L.) in
Hokkaido by yield performance estimates and year registered in the variety lists of
Hokkaido. The AG (% of ‘Climax’ per year) was calculated using the slope coefficient
in simple linear regression predicting yield performance estimates (% of ‘Climax’)
based on adaptability tests at multiple locations in Hokkaido since the 1960s. The
open circle symbols show nine early maturing varieties (‘Hokuo’, ‘Senpoku’, ‘Hokuren’,
‘Nosappu’, ‘Aurora’, ‘Hokusei’, ‘Horizon’, ‘Natsuchikara’, and ‘SBT0002’). The closed
circle symbols show seven medium maturing varieties (‘Hokusen’, ‘Akkeshi’,

‘Kiritappu’, ‘Hokuei’, ‘SBT0308’, ‘SBT0310’, and ‘Kitami30’).

27



1000

_ r.=0.07\8
L 950 - - °
s hy2 = 0.03
(9]
2 900 - o
3
wn
N ] °
< 850 °
< ° [
S 800 - —e— ® ° °
=
o 750 ° o .
G °
€ 700 -
<€

650 T T T T T

0 100 200 300 400 500 600

Annual DMYs of parental clones (g plot)

Figure 2.2 Correlation of timothy (Phleum pratense L.) parental clones and their
polycross half-sib progenies for the annual dry matter yields (DMYs; g pIot‘1), and
narrow-sense heritability (hg®) estimate of the annual DMY based on the
parent—offspring regression method. Annual DMYs were evaluated at Kunneppu,

Hokkaido, Japan, in 2011-2012 (three harvests each year).
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Figure 2.3 Transition of forage yields with selection cycles of among and within
half-sib selection in timothy (Phleum pratense L.) by computer simulation based on
genetic parameters calculated from dataset of the timothy breeding program in
Hokkaido, Japan. The forage yield of the initial population in simulation was settled

11.1 Mg ha™".
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Chapter 3: Marker-based genetic distances among timothy genotypes in polycross
breeding and its relation to forage yield

Introduction

The improvement of timothy forage yield is a major breeding achievement in Japan
(Ueda 1990; Tamaki et al. 2010). In fact, timothy yield increase by breeding in Japan
has been about 3.1-6.6% per decade since the 1960s (Chapter 2), which is similar to
gains achieved in other forage grasses or legumes (Casler and Brummer 2008).
Improvement of self-incompatible forage crops, including timothy, often relies on the
production of synthetic varieties (Tamaki ef al. 2007). A variety developed by synthetic
population development originated from intercrossing among a limited number of
non-inbred parents possessing high GCA for specific traits (Sleper and Poehlman 2006).
Theoretically, the phenotypic variance among half-sib families is equivalent to the GCA
of the polycross parents from which they were derived (Nguyen and Sleper 1983). It is
regarded as a quarter of the inherent additive genetic variance (Casler and Brummer
2008). General combining ability values are themselves useful in the prediction of trait
performance in synthetics (Posselt 2010).

Contrary to the theoretical expectations based on GCA values for forage yield from
polycross progeny tests (Posselt 2010), several synthetic timothy populations
originating from KAES since the 1960s have failed to produce high yields (Tamaki et al.
2007). Reports that attempt to explain this lack of performance suggest that SCA or
inbreeding depression influenced selection success, as shown for other perennial and
self-incompatible forage crop species (Michaelson-Yeates ef al. 1997; Riday and
Brummer 2002). Alternatively, the GCA value itself might include both additive and

non-additive effects (Hayward 1979) and/or precise GCA estimation might be masked
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by genotype-by-environment interactions (GEI) (Wilkins and Humphreys 2003; Casler
and Brummer 2008; Amini et al. 2011). Molecular markers are regarded as powerful
tools in forage grasses for the analysis of genetic diversity and the identification of
parents for variety development (Kolliker ef al. 2005; Amini ef al. 2011). The relations
between marker-based GD and forage yield have been characterized in forage grasses
and legumes (Joyce et al. 1999; Kidwell et al. 1999; Kolliker et al. 2005; Amini et al.
2011; Tucak et al. 2011; Robins et al. 2012). Investigations in maize and oilseed rape
have shown that GDs among parents as estimated by molecular marker analysis
correlate (r = 0.58-0.93) with hybrid performance and that molecular markers might
have value as predictors of yield heterosis (Smith ez al. 1990; Raiz et al. 2001; Betran et
al. 2003).

The emphasis of most marker-based genetic relation studies related to forage yield
improvement has been on selecting (or preselecting) parental combinations (Kidwell et
al. 1999; Kolliker et al. 2005; Amini et al. 2011; Tucak et al. 2011) and not on
estimating the proportion of yield-associated additive and non-additive effects in
synthetic varieties. Some studies have produced results suggesting that the partitioning
of GD into general genetic distance (GGD) and specific genetic distance (SGD)
components, which provides some indications of genotype-specific allelic constitutions,
might furnish information related to parental genetic diversity that has some value for
breeding (Melchinger et al. 1990b; Betran et al. 2003). A large positive or negative
GGD indicates that a parent might possess alleles that are occurring respectively at a
low or high frequency, when compared to other parents (Melchinger et al. 1990b). A
large positive or negative SGD between parents indicates that cross-progeny are more or

less heterozygous than might be expected based on the GGD of their parents
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(Melchinger et al. 1990b). Because GGD values are indicative of allelic
complementation, such analyses of polycross progeny might be used to estimate
non-additive effects from GCA values. Nevertheless, no reports of studies of forage
grasses have described the relation between GGD and GCA as obtained from polycross
progeny test analyses. Therefore, a study was designed to evaluate (i) the potential
utility of GD estimation to predict forage yield among timothy synthetic strains and
polycross progeny and (ii) the utility of molecular marker-based GD values for forage
yield improvement during polycross breeding. The dissection of yield performance in
polycross progeny into additive and non-additive component effects is used herein to

elucidate the potential role of marker-based GD estimations.

Materials and methods
Field evaluations in Experiments 1 (Exp. 1) and 2 (Exp. 2) were conducted at KAES,
Hokkaido Research Organization, Kunneppu, Hokkaido, Japan (43°47'N, 143°42°E) on

a high-humic haplic wet andosol.

Experiment 1: Synthetic strains

Two timothy synthetic strains, ‘Kitakei 98301 and ‘Kitakei 98303’, and their parental
clones were used in Exp. 1. ‘Kitakei 98301 and ‘Kitakei 98303° were synthesized
respectively through polycross breeding among five and six early maturing clones,
which were derived from Japanese local materials, introduced materials, and advanced
breeding materials in 1998. Selection for high forage yields in five and six parental
clones from 35 and 34 parental candidates, respectively, occurred between 1991 and

1998 based on polycross progeny tests (Tables 3.1 and 3.2).
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Seeds of the two synthetic strains and two check varieties (‘Nosappu’ and ‘Aurora’)
were planted in an RCBD having four replications in May 1999 at a seeding rate of 20
kg ha!. Each plot was drilled in two seeding rows 2.5 m long and 0.6 m apart.
Seeding-year management consisted of two harvests without data collection to manage
annual weeds, and one application of 70 kg N ha™!, 80 kg P,Os ha™!, and 70 kg K»O ha™'.
Three harvests per year were conducted in 2000 and 2001, where plants were clipped to
a 10 cm stubble height. Plots were fertilized as follows: 75 kg N ha™!, 150 kg P,Os ha™!
and 75 kg K>O ha™! in early spring, 45 kg N ha!, 0 kg P>Os ha™! and 45 kg K>O ha™!
immediately after the first harvest and 30 kg N ha™!, 0 kg P>Os ha! and 30 kg K»O ha™!
immediately after the second harvest. Annual DMYs in 2000 and 2001, and cumulative
annual DMYs for each plot were subjected to ANOVA based on an RCBD linear model

with entry and block random effect factors.

Experiment 2: Polycross progenies

Forty-one early maturing timothy polycross progenies resulting from three cycles of
phenotypic recurrent selection and their parental clones were used in Exp. 2. Of those
41 parental clones examined, one clone (‘27thPC-05") was not used in genetic diversity
and yield performance comparisons because it died during experimentation.

In Exp. 2, cumulative annual DMYs for the 41 polycross progenies together with
three check varieties (‘Nosappu’, ‘Aurora’, and ‘Hokusei’) were evaluated over two
years. These seeds for this experiment were produced from a polycross among 41
parental clones described above between 1999 and 2000. The seeds of polycross
progenies and the check varieties were planted in an RCBD having four replications in

August 2000. Each plot was drilled in one seeding row 1.5 m long and 0.6 m apart.
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Seeding-year management consisted of an application of 40 kg N ha™!, 80 kg P,Os ha™
and 40 kg K»O ha™! without harvesting. Experimental plots were harvested three times
per year during 2001-2003. Fertilizer application and seeding rates were the same as
those in Exp. 1. Dry matter yields for each plot were summed only over all six harvests
in 2002 and 2003 (i.e., three harvests per year for two years) because missing values in
2001 data precluded its inclusion for analysis. Cumulative annual DMY's were analyzed
using the same procedure as that described in Exp. 1. General combining ability values
for cumulative annual DMY's of polycross progenies in Exp. 2 were calculated using the
following equation: GCA; =[(n— 1)/ (n —2)] (Xi — 1), where GCA; is the GCA value of
the parental clone i, X; is the value of the polycross progeny i, p is the mean of all

polycross progenies, and 7 is the parental number of the polycross (Griffing 1956).

Genotyping protocol

Young leaves were collected from a single plant clone of each genotype that had been
maintained in a greenhouse. Individual tissue samples were freeze-dried and stored in a
—80°C freezer. Each sample was placed in a 2-mL microcentrifuge tube with a 3-mm
bead. The tubes were placed on a horizontal shaker (BioMedical Science Co., Ltd.,
Tokyo, Japan) until the leaf tissues were ground to a fine powder. The DNA was
extracted using the DNeasy™ Plant Mini Kit (Qiagen Inc., Hilden, Germany) according
to the manufacturer’s instructions. The PCR was performed in an Applied Biosystems
Veriti Thermal Cycler (Applied Biosystems, Foster City, CA) under the following
amplification conditions: a ‘touchdown’ PCR consisting of 95°C for 10 min; 2 cycles of
94°C for 1 min, 65°C for 1 min, and 72°C for 1.5 min; 10 cycles of 94°C for 1 min,

65°C to 55°C for 1 min decreasing by 1°C/cycle and 72°C for 1.5 min; and 40 cycles of

34



94°C for 1 min, 55°C for 1 min and 72°C for 1.5 min, followed by 72°C for 7 min and
4°C as the holding step. The 20 pl reaction mix consisted of 0.1 uM of each primer, 2.5
U of Taq polymerase (AmpliTaq Gold DNA polymerase; Applied Biosystems), 0.16
mM of each ANTP, 1 x GeneAmp PCR Gold Buffer (150 mM Tris—HCI, pH 8.0 500
mM KCl), 2.5 mM MgCl; and 1 pl template DNA. The PCR products were fractionated
on 6% (w/v) polyacrylamide gels with 0.5 * TBE buffer. Electrophoresis was performed
at 100 mA, for approximately 2 h on a 38.0 < 32.5 cm gel apparatus (Nihon Eido Corp.,

Tokyo, Japan) and was revealed using the ethidium bromide staining.

Screening of simple sequence repeat markers

Based on information from an unsaturated linkage map of diploid timothy (P. nodosum)
(Cai et al. 2009), we chose 55 SSR primer pairs that were able to amplify in all
[hexaploid, tetraploid (P. alpinum) and diploid] species of Phleum from 226 markers
that belong to the map. The SSR primer pairs showing no amplification, no
polymorphism and unclear bands were excluded based on primary experiment data
using 24 genotypes of timothy. Among a final set of 28 SSR primer pairs, at least three
SSR loci were located on each linkage group on the diploid timothy map (Table 3.3),
where the mean marker interval was approximately 13.9 ¢cM (Fig. 3.1). The 28 SSR
markers produced 373 and 437 polymorphic bands among 11 (Exp. 1) and 40 (Exp. 2)
parental clones, respectively, in which allelic dosages were indistinguishable. Therefore,
bands produced from DNA amplification of individual genotypes were scored as

presence or absence.

Genetic distance estimation and statistical analyses
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Genetic distance estimates were calculated from SSR data for all possible pairs of
parental clone comparisons using the following equation: GD;; = 1 — [2N;; / (Ni + N))],
where GD;; represents the GD estimate between clone i and j, N;; denotes the total
number of bands common to clone i and j, and A, is the total number of bands present in
i (Dice 1945; Nei and Li 1979). Principal coordinate analysis (PCOA) was performed
using GD estimates in Exp. 1 employing the function ‘pcoa’ in the R statistical package
‘ape’ (GNU General Public License) according to Paradis et al. (2004). An average GD
of the Synthetic strains in Exp. 1 based on the pairwise GD estimates within each strain,
‘Kitakei 98301’ and ‘Kitakei 98303’ and the significance of the averaged GD estimates
was determined using #-test comparison (Enoki ef al. 2005). General genetic distance
estimates of 40 parental clones of the polycross in Exp. 2 were calculated from GD
estimates using the following equation based on a method analogous to Griffing’s
Model I of Method 4 (Griffing 1956; Melchinger et al. 1990b): GGD; =[(n — 1) / (n —
2)] (GD;. — GD), where GGD; denotes the GGD estimate of clone i within the
polycross, GD;,. signifies the average of GD estimates between clone i and the other
parental clones of the polycross, GD stands for the average of GD estimates among
all possible pairs of parental clones of the polycross, and #n is the parental number of the
polycross. The significance of GGD estimates was assessed using F-test evaluation after
ANOVA according to Griffing’s Model I of Method 4 (Griffing 1956). The correlation
between the GGD estimates and GCA values for cumulative annual DMY was
estimated using the Pearson product-moment correlation coefficient. The dataset
including the GGD and DMY of 40 polycross progenies in Exp. 2 was analyzed to
evaluate the contributions of genetic effects associated with and without allelic

complementation on DMYs. The dataset was calculated according to linear regression
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as yij =W+ B+ BGGD; + R; + &, where y;; is in cumulative annual DMY in a plot of
entry i and block j, p signifies a mean of cumulative annual DMYs, B; represents the
effect for being in block j, BGGD; denotes estimates by a regression with GGD of entry

i, R; is residuals of a regression of entry i, and &;; stands for errors.

Results

Experiment 1: Synthetic strains

Significant differences (p < 0.05) among all entries examined were detected for DMY in
2000 and cumulative annual DMY over two years (Table 3.4). The DMY of ‘Kitakei
98301° was 18, 5, and 12% greater, respectively, than the check variety ‘Nosappu’ in
2000, 2001, and in cumulative annual DMY (Table 3.4). In contrast, the DMY of
‘Kitakei 98303 was comparable to ‘Nosappu’ and lower than ‘Kitakei 98301’ in 2000,
2001, and the cumulative annual DMY (Table 3.4).

The GD for all pairwise combinations among the 11 parental clones examined were
0.61-0.78, where the average GD for all pairs was 0.70. The GD estimates among
parental clones for each synthetic were 0.68—0.78 for ‘Kitakei 98301°, where the
average GD was 0.74, and were 0.61-0.75 for ‘Kitakei 98303°, where the average GD
was 0.68. The difference in the average GD between the two synthetics examined was
significant (¢-value = 4.34, p < 0.001). The SSR-based PCOA [principal components
(PC) = PC1 and PC2 explained 16.1% and 14.9% of the variation, respectively], which
isn’t a goodness-of-fit test, did not provide for distinctions among the 11 parental clones

examined (data not shown).

Experiment 2: Polycross progenies
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The 41 polycross progenies showed considerable variation for all traits, except for the
heading date (data not shown). The DMYs of 41 progenies were 93—115% of ‘Nosappu’
(Table 3.5). Moreover, the DMY's of all 44 entries examined were significantly different
over years [F-value of 2.95 (p < 0.001)]. General combining ability values based on
cumulative annual DMY among progenies were significantly different (p < 0.001) and
were —10.0 to 11.4% of the values of the control ‘Nosappu’ (Table 3.5). Pairwise GD
estimates among the 40 parental clones of the polycross (excluding ‘27thPC-05") were
0.59-0.91 (data not shown). The GGD estimates of the parental clones were —0.0244 to
0.0394 (Table 3.5), and the F-value of GGD estimate was 3.73 (p < 0.001). The
correlation coefficient () between GCA values for cumulative annual DMY and GGD
estimates was 0.45 (p < 0.01) (Fig. 3.2). Regression analysis of GGD on cumulative
annual DMYs among the 40 polycross progenies (excluding ‘27thPC-05; Table 3.6)
showed that the mean square values among polycross progenies (F-value = 2.40),
regression with GGD (F-value = 9.67) and the residual of the regression (F-value =

1.96) were significant (p <0.01).

Discussion

The synthetic strains ‘Kitakei 98301 and ‘Kitakei 98303°, both derived from parental
clones with high GCA (Tables 3.1 and 3.2), exhibited contrasting forage yield levels
under the conditions in which they were evaluated (Table 3.4). The significant
difference in average GD between two synthetic strains (0.74 vs. 0.68) might be a
reason for these contrasting yields, which might be associated with non-additive gene
effects and/or inbreeding depression. These observations agree with those of a previous

study in perennial ryegrass, where high molecular marker diversity was associated with
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increased DMY among synthetic varieties (Kolliker et al. 2005). Furthermore, these
data support the hypothesis that selection of polycross parents with contrasting genetic
diversity exploits heterosis and/or avoids inbreeding depression. However, populations
derived from genetically divergent parents are not always high yielding (Boller et al.
2007). For instance, lack of gain from selection for forage yield based on marker
diversity analysis has been reported for alfalfa (Kidwell et al. 1999). Additive and
dominant gene effects and complementary gene interactions are, in fact, important for
improving forage yield in forage grasses or legumes (Casler and Brummer 2008).
Consequently, an understanding of both additive and non-additive effects is likely to be
important when marker-based GD analysis was used as a tool for improving the forage
yield in timothy.

Although estimates of GCA can be useful for the prediction of cross-progeny
performance in synthetics (Posselt 2010), unsuccessful GCA-based selection
experiments in the timothy synthetic strain ‘Kitakei 98303° have been documented as
shown herein (Tables 3.2 and 3.4) and in the first generation of synthetics tall fescue
progenies (HGCA in Amini et al. 2011). A polycross can provide satisfactory
discrimination between the breeding values of genotypes when both additive and
dominance effects are present under a situation of equal gene frequencies (Hayward
1979). However, as Hayward (1979) reported, unequal gene frequencies are likely to
arise as a consequence of selection. Discrimination among genotypes would, in such
cases, be more difficult than under equal gene frequencies.

This study demonstrated that differences in GGD among the parental clones of a
polycross correlated with their respective GCA values for DMY based on polycross

progeny tests (Fig. 3.2), and demonstrated that the regression mean square of GGD for
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DMY is significant (Table 3.6). These results indicate that these GCA estimates
included a genetic effect associated with allelic complementation (i.e. non-additive
effects) in addition to additive effects. Low levels of additive genetic variation in the
GCA values might be attributable to the materials used for the present study. The low
levels are consistent with the predictions of Hayward (1979) associated with
non-additive gene action. Although genetic variation among individuals within timothy
populations and their interrelations have traditionally been assessed using
morphological and agronomic trait analyses, these might not be sufficient in themselves
to produce precise estimates of genetic relatedness. Marker analysis is a useful tool for
assessing genetic relatedness during selection within genetically broad-based
populations (Guo ef al. 2003; results present herein). The results of regression analysis
(i.e. residual and GGD regression) conducted herein were significant (Table 3.6),
indicating that the residual mean square likely includes considerable genetic effects that
are unrelated to allelic complementation (i.e. additive effects). Approaches that compare
marker-based GGD within polycross parents and forage yield in polycross progeny tests
such as those defined herein can be used to elucidate the genetic effects on yield by
allowing for the division of inherent GCA values into additive and non-additive effects.
Such approaches might engender more efficient improvement of forage yield during
timothy polycross breeding by exploiting heterosis and/or reducing inbreeding

depression.
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Table 3.1 General combining ability (GCA) for forage yields of five parental timothy
(Phleum pratense L.) clones of the synthetic polycross strain, ‘Kitakei 98301°, based on
cumulative dry matter yields (DMYs) in a polycross progenies test over three years

(1991-1993) at Kunneppu, Hokkaido, Japan

Parental clones names Cumulative annual DMY in a polycross progeny and GCA
(Mg ha ) (% of ‘Nosappu’}) (GCAY)

17thPC-06 18.74 101 4.4
17thPC-20 19.14 104 6.6
17thPC-24 19.02 103 5.9
17thPC-32 18.69 101 4.1
17thPC-35 19.30 104 7.5
Mean of selectionsq 18.98 103 5.7
Mean of entries# 17.98 97

Nossapu 18.48 100

1 Experimental plots were harvested three times per year during 1991-1993.

i The check variety was used as the comparative control.

§ GCA calculated using the following equation: GCA,; =[(n — 1) / (n — 2)] (X; — pn), where n
is the number of parents in a polycross, X; is DMY (percentage of ‘Nosappu’) of a polycross
progeny i, and p stands for the means of DMY (percentage of ‘Nosappu’) of all polycross
progenies (Griffing 1956).

9 Mean of polycross progenies derived from five selected parental clones.

# Mean of all 35 polycross progenies evaluated in the test.
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Table 3.2 General combining ability (GCA) for forage yields of six parental timothy
(Phleum pratense L.) clones of the synthetic polycross strain, ‘Kitakei 98303°, based on
cumulative dry matter yields (DMYs) in a polycross progeny evaluated over two years

(1996-1997) at Kunneppu, Hokkaido, Japan

Parental clone names Cumulative annual DMY in polycross progeny and GCA ¥
Mg ha ' % of ‘Nosappu’{ GCA§

23thPC-01 18.27 104 5.9
23thPC-15 18.30 104 6.1
23thPC-27 17.56 99 1.8
23thPC-30 17.71 100 2.7
23thPC-31 17.58 100 1.9
23thPC-34 18.34 104 6.4
Mean of selectionsq 17.96 102 4.2
Mean of entries# 17.24 98

Nossapu 17.66 100

1 Experimental plots were harvested three times per year during 1996-1997.

i The check variety was used as the comparative control.

§ GCA calculated using the following equation: GCAi = [(n—-1) / (n-2)] (Xi — p), where n is
the number of parents in a polycross, Xi is DMY (percentage of ‘Nosappu’) of a polycross
progeny i, and p stands for the means of DMY (percentage of ‘Nosappu’) of all polycross
progenies (Griffing 1956).

9 Mean of polycross progenies derived from five selected parental clones.

#Mean of all 34 polycross progenies evaluated in a progenies test.
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Table 3.4 Annual dry matter yields (DMYs) of two timothy (Phleum pratense L.) synthetic
populations in a yield trial over two years (2000-2001) at Kunneppu, Hokkaido, Japan

Entry Annual DMY (Mg ha ")
2000 2001 Cumulative

Synthetic Kitakei 98301 6.73 4.66 11.39
Synthetic Kitakei 98303 5.77 4.30 10.07
Check varieties

Nossapu 5.69 4.46 10.15

Aurora 5.69 4.29 9.98
LSDy .05} 0.59 NS§ 1.06
CV (%) 8.5 3.9 6.4

1 Experimental plots were harvested three times per year during 2000-2001.
i Least significant difference at the 0.05 probability level.
§ NS, not significant.

9| Coefficient of genetic variation.
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Table 3.5 General combining ability (GCA) for cumulative annual dry matter yields (DMYs) over
two years (2002-2003) in timothy (Phleum pratense L.) polycross progeny test and general genetic
distances (GGD) within the parental clones of a polycross evaluated at Kunneppu, Hokkaido, Japan

Parental clone names Cumulative annual DMY of polycross progeny ¥ GGDY
Mg ha' % of ‘Nosappu’i GCAS§

27thPC-01 24.76 101 -2.2 0.0209
27thPC-02 25.76 105 1.8 0.0113
27thPC-03 23.93 98 -5.5 -0.0215
27thPC-04 25.78 105 1.9 -0.0047
27thPC-05 26.35 108 4.1 —#
27thPC-06 25.37 104 0.2 —-0.0061
27thPC-07 26.57 109 5.0 0.0205
27thPC-08 25.39 104 0.3 0.0329
27thPC-09 24.61 101 -2.8 0.0072
27thPC-10 26.39 108 4.3 —-0.0051
27thPC-11 25.40 104 0.3 —-0.0031
27thPC-12 25.24 103 -0.3 —-0.0105
27thPC-13 25.96 106 2.6 —-0.0057
27thPC-14 25.73 105 1.7 -0.0047
27thPC-15 25.66 105 1.4 -0.0145
27thPC-16 25.62 105 1.2 -0.0047
27thPC-17 25.60 105 1.1 0.0141
27thPC-18 25.20 103 -0.5 -0.0061
27thPC-19 23.83 97 -5.9 -0.0074
27thPC-20 24.44 100 -3.5 0.0032
27thPC-21 24 .41 100 -3.6 -0.0116
27thPC-22 26.41 108 4.4 0.0394
27thPC-23 28.17 115 11.4 0.0107
27thPC-24 24.88 102 -1.7 -0.0227
27thPC-25 25.93 106 2.5 -0.0131
27thPC-26 24.34 99 -3.9 -0.0115
27thPC-27 23.35 95 -7.8 -0.0244
27thPC-28 26.53 108 4.9 —0.0040
27thPC-29 25.32 103 0.0 -0.0011
27thPC-30 24.01 98 -5.2 -0.0074
27thPC-31 24.84 102 -1.9 —-0.0201
27thPC-32 24.81 101 -2.0 0.0001
27thPC-33 26.02 106 2.8 0.0150
27thPC-34 24.80 101 -2.0 0.0218
27thPC-35 23.84 97 -5.9 -0.0042
27thPC-36 25.91 106 2.4 0.0112
27thPC-37 24.24 99 -4.3 -0.0084
27thPC-38 22.81 93 -10.0 -0.0014
27thPC-39 27.95 114 10.5 0.0147
27thPC-40 24.41 100 -3.6 -0.0111
27thPC-41 27.28 111 7.8 0.0121
Meantt 25.31 103
Check varieties

Nossapu 24.47 100

Aurora 21.36 87

Hokusei 23.92 98
LSD(0.05)%1 2.08 8 8.4
CV (%)§8§ 5.1

1 Experimental plots were harvested three times per year during 2002-2003.

1 The check variety was used as the comparative control.

§ GCA calculated using the following equation: GCA; = [(n-1) / (n-2)] (X; — p), where n is the
number of parents in a polycross, X; is DMY (percentage of ‘Nosappu’) of a polycross progeny i,
and p stands for the means of DMY (percentage of ‘Nosappu’) of all polycross progenies.

Y GGD calculated from genetic distances based on marker-based diversity by methodology
analogous to Griffing’s Model I of Method 4 (Griffing, 1956; Melchinger et al., 1990b).

# The clone was excluded from the SSR analysis because of its non-existence.

71 Mean of all 41 polycross progeny.

11 Least significant difference at the 0.05 probability level.

§§ Coefficient of genetic variation.
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Figure 3.2 Relation between general combining ability (GCA) values for forage
yields based on cumulative annual dry matter yields (DMYs) of timothy (Phleum
pratense L.) polycross progenies and general genetic distance (GGD) estimates
within the polycross parents. The polycross progenies derived from crossing among
41 parental clones. Each experimental plot was harvested three times per year during
2002-2003. Pearson product-moment correlation coefficient is denoted by “r’. **
denotes a significance r-value (p < 0.01). GCA; = [(n-1) / (n-2)] (X; — u), where n is
the number of parents in a polycross, X; is DMY (percentage of ‘Nosappu’) of a
polycross progeny i, and p is means of DMY (percentage of ‘Nosappu’) of all
polycross progenies, respectively. GGD were calculated from genetic distances
based on marker-based genetic diversity by methodology analogous to Griffing’s

Model | of Method 4 (Griffing, 1956; Melchinger et al., 1990b).
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Table 3.6 Regression analysis of variance of marker-based general genetic
distances (GGD) on cumulative annual dry matter yields (DMYs) of 40 timothy
(Phleum pratense L.) polycross progeny over two years (2002-2003) at Kunneppu,
Hokkaido, Japan

Source of variance df Mean of squares F-value P-value

Block 3 7216.8 32.91 <0.001

Among polycross progenies 39 525.9 2.40 <0.001
Regression with GGD+ 1 4159.5 9.67 0.004
Residual 38 430.3 1.96 0.003

Error 117 2193

Total 159 426.6

1 Regression based on 28 SSR markers diversity genotyping parental clones used for

creating polycross progeny.
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Chapter 4: DNA profiling of seed parents and a top-cross tester and its application
for yield improvement in timothy

Introduction

Molecular markers provide effective methods for assessing the genetic diversity among
parental genotypes within heterogeneous populations (Barker and Warnke 2001).
Studies of genetic diversity in relation to heterosis have been undertaken for several
forage grasses and legumes (Kidwell et al. 1994, 1999; Joyce et al. 1999; Kolliker et al.
2005; Amini et al. 2011; Tucak et al. 2011; Robins et al. 2012). Kolliker et al. (2005)
studied an effect of increased amplified fragment length polymorphism diversity among
parental plants on polycross progenies in perennial ryegrass. First and second
generations of synthetic progenies derived from wider polycrosses showed consistently
higher yields when compared to progenies derived from narrower ones. The
observations presented in Chapter 3 agreed with those from a study by Koélliker et al.
(2005). They support the hypothesis that selection of polycross parents with contrasting
genetic diversity exploits heterosis and/or avoids inbreeding depression. In forage
breeding programs, screening combinations of parental clones for high yield
performance is a costly and time-consuming process. With DNA profiling, the
possibility exists of selecting parents for which combinations show a high yield
performance more effectively. Most studies of marker diversity in relation to yield have
been undertaken using polycrosses or single crosses in forage grasses and legumes
(Kidwell et al. 1994; Joyce et al. 1999; Kolliker et al. 2005; Amini ef al. 2011; Tucak et
al. 2011). However, no report in the literature describes a study of the assessment of
relations between forage yield and marker diversity using top-cross progenies derived

from crosses between individuals and a population or variety.
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The yield increase is only 3.1-6.6% per decade in timothy, which has lagged behind
the approximate 20% per decade in maize (Chapter 2). To improve the yield in timothy
more efficiently, Tamaki et al. (2009) proposed CSS, a breeding method for perennial
self-incompatible forage grasses such as timothy in which a high-yield variety can be
synthesized by combining two top-cross progeny lines, i.e., two seed parental clones
(SPs) and a pollen parental strain (PP) having a mutually high GCA as well as SCA.
Moreover, Tamaki et al. (2009) explained that high yield performance was exhibited in
strains that were developed by CSS using top-cross progenies showing high
performance on yields. Top-cross progeny tests are also adopted in a typical RRS
scheme (Posselt 2010). Therefore, top-cross progenies are expected to be applicable for
yield improvement in timothy.

The objective of this study was to assess the usefulness of GD estimates based on
SSR markers for yield improvement in timothy breeding. The specific objectives were
(1) to evaluate genetic polymorphism among clones of early maturing breeding
populations and the variety ‘Aurora’ which was used as top-cross tester, (ii) to
investigate the mean of GD estimates between the clones and ‘Aurora’, and (iii) to

assess its relations to yields of top-cross progenies.

Materials and methods

Plant materials

Fifty-one out of 152 clones derived from breeding populations. They were crossed as
seed parents with ‘Aurora’ as the pollen parent top-cross tester. Then 16 randomly
chosen individuals from ‘Aurora’ were used to assess genetic diversity based on DNA

markers. The 51 clones, chosen from 152 clones for covering the whole variations on
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their origins and yield levels of their progenies to the greatest extent possible, were
selected from Japanese local materials or foreign cultivars including some synthetic
parental clones and varieties bred at KAES, Hokkaido. Therefore, they adapt well to the
local environment (Table 4.1). ‘Aurora’ is an early maturing variety bred using mass
selection method from 91 parents by the Hokuren Federation of Agricultural

Cooperatives (HFAC), Japan (Shimokoji 1994a).

Field trials

All field experiments were conducted at KAES (43°47'N, 143°42°E) on a high-humic
haplic wet andosol. Cumulative DMYs of 152 top-cross progenies bred from crosses
between each clone and ‘Aurora’ were evaluated over two years (2003-2004). A
top-crossing of clones by ‘Aurora’ was conducted at KAES. Seeds of ‘Aurora’ were
drilled in a grid pattern as the pollen parent top-cross tester. Each clone was transplanted
in August 2001 at a sufficient distance from others (at least 2.4 m distance) and was
surrounded with ‘Aurora’ plants. Seeds of top-cross progenies were harvested from each
clone in August 2002. These entries and two checks including ‘Aurora’ were seeded in
August 2002. Plots held four replicates of each entry in two rows, 83 cm long and 60
cm apart, and arranged in an RCBD. The respective amounts of fertilizer applied in the
spring and after the first and second cuts were 83, 50, and 33 kg N ha’l. In all, six

harvests were collected three times a year.

Genetic distance estimation and statistical analyses

The genotyping protocol used for this study was described in Chapter 3. Briefly, the 28

SSR primer pairs used herein were developed from hexaploid timothy and showed
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polymorphic in diploid (Phleum nodosum L.) and hexaploid timothy (Cai et al. 2009).
The 28 SSR markers produced 408 polymorphic bands among 67 genotypes, in which
the allelic dosage was indistinguishable. Bands produced from the amplification of
individual genotypes were scored for presence or absence. Genetic distance estimates
were calculated from SSR data for all possible pairs of genotypes using the following
equation of one minus Dice coefficients (Dice 1945; Nei and Li 1979): GD;; =1 — [2N;;
/ (Ni + N))], where GD;; is the GD estimate between clone i and j, N;; is the total number
of bands common to clone i and j, and N; represents the total number of bands present in
i. The mean of GD estimates between each clone and a tester ‘Aurora’ (GDt) was
calculated from GD estimates between each clone and 16 individuals of Aurora. The
unweighted pair group mean average (UPGMA) cluster analysis and PCOA were
performed with the matrix of Dice coefficients using appropriate procedures of the
program NTSYSpc (Rohlf 2009) and GenAlEx (Peakall and Smouse 2006). Analysis of
molecular variance (AMOVA) based on a Euclidean distances matrix was performed
using software (Arlequin ver 3.0; Excoffier et al. 2005) to test the significance of the
differentiation among geographical groups within the 51 clones of breeding population

and between ‘Aurora’ and the 51 clones.

Results

Simple sequence repeat marker evaluation and genetic distance estimation

Genetic distance estimates for all pairs among the 67 genotypes had a mean of 0.70 and
were 0.52—0.86. For the GDr estimates of the 51 clones showing relations between each
clone and ‘Aurora’, the pollen parent for top-cross testers were 0.65—0.76 with the mean

of 0.71. The dendrogram from UPGMA cluster analysis of Dice coefficients based on
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SSR markers is presented in Fig. 4.1. Clustering produced four major groups designated
as group I to IV. Clone ‘b-32’ derived from ‘Aurora’ and 16 individuals of ‘Aurora’
belong to group I. Other seed parents of top-cross progenies were distributed into all
four groups. The seed parents of top-cross progenies could not be classified clearly
according to their geographical origins. In the PCOA based on the Dice coefficients, the
first and second principal coordinates, termed PC1 and PC2, respectively explained
24.3% and 12.8% of total variation in the SSR data (Fig. 4.2). The 16 individuals of
‘Aurora’ were likely to be separated from the 51 clones with respect to PC1. The
distribution of the 51 clones was more widely dispersed than ‘Aurora’ in a scatter plot
of PCOA. Six clones (‘b-15°, ‘c-01’, ‘c-02°, ‘c-08’, ‘c-17" and ‘c-23’) for which
top-cross progenies showed high performance on yields and had been selected for
demonstrating the potential of CSS (Tamaki et al. 2009) are presented in Fig. 4.2. Five
of these clones, ‘b-15°, ‘c-02°, ‘c-08’, ‘c-17’ and ‘c-23’, were located far from the 16
individuals of ‘Aurora’ in the scatter plot by PCOA. The remaining clone, ‘c-01°, was
closer to the 16 individuals of ‘Aurora’. The AMOVA demonstrated that the difference
between ‘Aurora’ and the 51 clones was significant. However, greater variation was
found among genotypes within populations (Table 4.2). The variance within populations
accounted for 96.3% of the total variance, although variance between ‘Aurora’ and the
51 clones of breeding population contributed only 3.7% (Table 4.2). The differences
among geographical groups within the 51 clones were unclear from AMOVA, as was

the case for UPGMA cluster analysis and PCOA (data not shown).

Relations between means of genetic distance estimates and yields of top-cross

progenies
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Significant differences among yields of all 152 top-cross progenies were detected in
top-cross progeny yield trials. The mean of cumulative DMY over two years of all
top-cross progenies was 21.9 Mg ha™!, SD was 1.1 Mg ha™'. Cumulative DMY over two
years of the progenies developed from the 51 clones used in the SSR evaluation are
shown in Table 4.1. The mean of cumulative DMY of the 51 progenies was 22.0 Mg
ha™!, SD was 1.4 Mg ha!, and the values (mean and SD) were similar to that for all 152
progenies. The relation between GD and yield was evaluated by calculating the Pearson
product-moment correlation coefficient between GDr estimates and yield data obtained
from top-cross progenies (Fig. 4.3). The correlation coefficient between GDr estimates

and yields was computed as 0.67 (p < 0.001).

Discussion

The GDr estimates were 0.65-0.76. The values resembled those in maize reported by
Enoki et al. (2005), in which GD estimates between each miscellaneous maize inbred
line and 35 dent inbred lines using 60 SSR markers carrying 463 alleles among 88
genotypes were 0.65-0.80. In general, GD calculated using many DNA markers
reflects genetic diversity across the board genome. Therefore, GD is used for predicting
heterozygosity on the assumption that overall genetic diversity based on the GD
estimate is relevant to probability of heterozygosity at the locus associated with
heterosis in crossing. As presented in Fig. 4.3, GDr estimates are closely related with
the yields of their progenies developed from the top-cross with ‘Aurora’. DNA marker
loci assayed in many studies were not substantially associated with genes related to
components of yields including both additive and non-additive effects. This lack of

association produced poor correlation between heterosis and genetic diversity in some
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studies (Melchinger et al. 1990a; Bernardo 1992). Positive correlation in our study,
however, resulted from (i) significant difference between ‘Aurora’ and clones based on
the AMOVA, (ii) reasonable variation among GDrt estimates of each clone, and (iii)
adaptation to the local environment that all clones had acquired. In a cross between
adapted potato breeding lines, maximum heterozygosity was positively correlated with
the proportion of tuber yield in the large-size fraction (Bonierbale et al. 1993).
Considering this, these results confirmed SSR marker diversity as a useful tool for
screening genotype combinations inducing high yield performance within the limits of a
breeding population with better adaptability.

Positive correlation between GDr estimates and yields of top-cross progenies
strongly suggests that DNA profiling will provide reliable information related to the
yield of the assumed top-cross progeny lines and that it can be expected to help breeders
to accelerate yield improvement by CSS in timothy or other perennial self-incompatible
forage grasses. In addition, Figs. 4.1 and 4.2 clearly present that five out of the six
clones (‘b-15°, ‘c-02°, ‘c-08’, ‘c-17" and ‘c-23’), of which the top-cross progenies
showed high yield performance and which had been selected for demonstrating the
potential of CSS (Tamaki et al. 2009) were distantly located from ‘Aurora’. Distant
locations of these clones identified by SSR profiling also supported the potential for
DNA profiling. As presented from several studies of maize (Betran et al. 2003; Enoki ef
al. 2005), pairs with large GD led to their progenies’ high yield through their high SCA
resulting from high heterozygosity. Moreover, the relation between GDr estimates and
the yield of the top-cross progenies found in this study also seems to have derived from
the SCA between their seed and pollen parents. Clone ‘c-01’, which differs from the

other five, is much closer to ‘Aurora’ (Figs. 4.1 and 4.2), although the yield of its
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top-cross progeny was as high as those of the others. Taking the following two facts into
consideration, the high yield in the top-cross progeny of clone ‘c-01’ is likely to be
attributable to GCA rather than SCA. First, an earlier study by KAES (Tamaki et al.
2009) demonstrated that the yield in all CSS strains derived from crosses with ‘c-01" as
SP, without exception, were remarkably higher than those of other strains with no
involvement of ‘c-01’°. Secondly, ‘c-01° showed the third highest combining ability in
another polycross progenies trial having 41 entries at KAES (cumulative DMY for two
years from 2001 was 123.0% of ‘Aurora’ and 106.2% of the average of all progenies).
The difference between ‘c-01° and the other five clones implies that it is important to
improve both GCA and SCA of parent candidates for effective yield improvement in
CSS. Consequently, efforts must be made for effective GCA improvement by
developing techniques similar to those used for this study.

Ecotypes or landrace collections have been established in many regions by
contemporary large-scale breeding programs. Remarkable differences have been
observed among them in various traits (Larsen and Marum 2006, Tamaki ef al. 2010). In
spite of such differences, no clear distinction was observed in this study using SSR
markers in terms of the geographical origin of clones (Figs. 4.1 and 4.2). In field trials
for the 152 top-cross progenies for which outlines are described above, the geographical
or varietal origins of each SP did not account well for the difference between the yield
levels of their progenies (H. Tamaki, unpublished). Therefore, it is possible that
breeders adopting CSS need not be troubled about the details of the origins of SP
candidates as long as they have sufficient adaptability to the breeding sites. These
results seem to accord with those of Casler et al. (2007), who conducted amplified

fragment length polymorphism marker analyses in switchgrass (Panicum virgatum L.)
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and found that variation among the wild populations collected from the east coast of
United States to the coast of Lake Superior was much smaller than the variation within
them. Similar results have been reported also for perennial ryegrass, meadow fescue
(Festuca pratensis Huds.), orchardgrass, rhodesgrass (Chloris gayana Kunth), and
timothy (Huff 1997; Koélliker et al. 1999; Ubi et al. 2003; Tanhuanpdd and Manninen
2012). However, the difference between the 16 genotypes representing ‘Aurora’ and the
others was significant in this study. ‘Aurora’ had been developed for a specific target
trait: the lodging resistance. It is possible that ‘Aurora’ has a narrow genetic background,
but it is difficult to accurately explain the reasons for smaller within-population
variation in ‘Aurora’ because little information has been announced in relation to its
breeding history.

As an alternative to applying DNA profiling to CSS, the clear relation between the
GDr estimates and the yield of the top-cross progenies found in this study also suggests
the potential for applying DNA profiling techniques to practical breeding methodologies
of perennial self-incompatible forage grasses such as timothy. In general, top-cross
progenies were handled similarly, with open-cross or polycross progenies in half-sib
selection. A new cultivar can be developed efficiently using half-sibs derived from a
cross between a leading variety and superior clones with expected high yield
performance inferred from DNA profiling. In fact, DNA profiling is expected to be
more efficient for a breeding program targeting heterosis and SCA (Liu et al. 2002). In
addition, top-cross progenies between a leading variety and superior clones derived
from polycrosses through recurrent selections using genetically broad-based populations
can be expected to show high yield performance including both GCA and SCA. The

method requires no expensive markers such as gene function markers. Moreover, it is
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reliably applicable for a practical timothy breeding program. Integration of DNA
profiling with field trials can be expected to help develop efficient breeding programs,
and can therefore expedite a new cultivar development process for important forage

grass species such as timothy.
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Table 4.1 Derivation of 51 timothy (Phleum pratense L.) clones used in SSR analyses, marker-based
genetic distances (GDt) toward a top-cross tester ‘Aurora’, and the cumulative annual dry matter yields
(DMYs) during two years (2003-2004) of evaluations in field trials of their top-cross progenies at
Kunneppu, Hokkaido, Japan

Clone designations¥ Derivation DMY GD+§
Parent material Origin Groupi (Mg ha™)
b-04 Clair USA A 23.79 0.72
b-08 Clair USA A 22.76 0.69
b-12 Climax Canada A 20.94 0.69
b-15 Champ Canada A 24.83 0.74
b-31 Champ Canada A 22.86 0.76
b-40 Canadian Canada A 21.17 0.71
c-09 Climax Canada A 20.62 0.69
c-33 Labelle Canada A 20.79 0.69
d-09 Champ Canada A 21.50 0.71
d-39 0-296 Canada A 22.02 0.73
a-05 Vanadis Sweden E 19.78 0.66
a-06 Barenza-Hay Netherland E 18.22 0.65
a-13 Eskimo Netherland E 21.93 0.69
a-22 Oberhaunstader Germany E 22.53 0.71
a-25 No0.90 UK E 22.78 0.73
b-24 P1-345663 Russia E 23.02 0.72
b-29 Czech local material Czech E 23.47 0.71
c-08 Hokuo Ukraine E 24.19 0.73
c-13 Polish local material Poland E 20.56 0.71
c-24 Lischower Germany E 22.49 0.71
c-34 A-4 Norway E 20.62 0.71
d-17 Toro L84 Italia E 22.27 0.73
d-28 Landsberger Germany E 20.75 0.72
a-07 Senpoku Japan J 22.60 0.72
a-10 Horonobe Japan J 22.94 0.72
a-38 Shichinoheq Japan J 20.54 0.69
a-40 Yamanashiq Japan J 19.83 0.68
b-09 Hidaka¥ Japan J 22.29 0.68
b-19 Hokunoushi| Japan J 21.98 0.72
b-26 Kitakei 77304 Japan J 21.75 0.69
b-32 Aurora Japan J 21.07 0.69
b-37 84HR-9 Japan J 19.15 0.68
c-04 Hokuren Japan J 21.94 0.72
c-17 Kitamiq Japan J 23.40 0.74
c-23 Bekkaif Japan J 24.59 0.72
c-36 Hidaka¥ Japan J 21.97 0.74
c-39 Kitakei 5313 Japan J 22.96 0.74
d-03 Kitamiq Japan J 19.50 0.66
d-07 Yamanashiq Japan J 22.79 0.72
d-10 Bekkai| Japan J 23.36 0.70
d-23 Bekkai| Japan J 24.50 0.74
d-24 Shiranuka¥ Japan J 21.73 0.72
d-33 Hidaka¥ Japan J 21.38 0.73
a-01 9thCE-287 miscellaneous M 20.60 0.69
a-11 HXIV-32 miscellaneous M 21.72 0.72
a-23 HXV-12 miscellaneous M 22,04 0.75
a-37 Nosappu miscellaneous M 22.28 0.69
b-11 HXIV-32 miscellaneous M 21.58 0.72
b-22 Kitakei 0301 miscellaneous M 23.36 0.72
c-01 11thIS-064 miscellaneous M 23.50 0.70
c-02 HXV-14 miscellaneous M 23.40 0.74

T a-, b-, c-, and d- show that their progenies were investigated in each subset of top-progenies test which
were divided into four groups for the convenience of field management.

i A, E, J, and M refer respectively to America or Canada, Europe or Russia, Japan, and miscellaneous.

§ Genetic distances were estimated using Dice coefficients framed by 28 simple sequence repeat markers.
9 Japanese local material.
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Figure 4.1 Unweighted pair group method using arithmetic average (UPGMA) clustering of 67 timothy
(Phleum pratense L.) genotypes using a matrix of Dice coefficients. The genotypes included 16 individuals of

‘Aurora’ and 51 clones from timothy breeding populations in Kitami Agricultural Experiment Station.
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Figure 4.2 Scatter plot of the first two principal coordinate scales for 67 timothy (Phleum

pratense L.) genotypes including 16 individuals of ‘Aurora’ and 51 clones from breeding

population in principle coordinate analysis (PCOA) performed with the matrix of genetic distance

(GD) estimates. PC1 and PC2 respectvely represent first and second principal coordinates.

Symbols @, O and A denotes clones (‘b-15’, ‘c-01’, ‘c-02’, ‘c-08’, ‘c-17’, and ‘c-23’) used also

in a report by Tamaki et al. (2009), the other 45 clones, and 16 individuals of ‘Aurora’.
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Figure 4.3 Relation between cumulative annual dry matter yields (Mg ha‘1) of top-cross
progenies and genetic distance (GDt) among their parents. The top-cross progenies derived
from crossing between each timothy (Phleum pratense L.) clone and timothy variety ‘Aurora’.
Each experimental plot was harvested three times per year during 2003-2004. Pearson
product-moment correlation coefficient is signified by “r’. *** denotes significance r-value (p <

0.001).
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Chapter 5: Development of timothy “clone and strain synthesis” strains by
combining top-cross progenies

5.1: Relative contributions of general and specific combining abilities in timothy
“clone and strain synthesis” breeding scheme

Introduction

A potentially effective way to improve forage yield in the future is to capitalize on

non-additive gene action by harnessing heterosis or SCA (Li and Brummer 2009) as in

the F1 hybrids produced with RRS in maize, which is an outstanding and symbolic

example of agricultural progress during the latter half of the 20th century (Sleper and

Poehlman 2006). Because long-term rapid yield improvement in maize has been

achieved using RRS procedures rather than merely by hybrid breeding itself, the most

critical point is not hybrid development per se but the introduction of RRS to create and

use heterotic groups for yield improvement in forage grasses or legumes.

Estimates of GCA and SCA help breeders devise breeding and selection strategies.
Several breeding methods have been proposed for effective yield improvement in forage
grasses or legumes with the aim of capturing heterosis or exploiting SCA (Burton 1948;
Rotilli et al. 1996; Brummer 1999; Tamaki et al. 2007, 2009). One method is a CSS
approach that exploits both GCA and SCA and minimizes the risk of inbreeding
depression. This method has been used to develop strains producing significantly higher
yield performance in timothy (Tamaki ef al. 2009). The CSS scheme consists of two
procedures: (1) crossing two SPs with a common PP for the seeds harvested from the
two SPs as first generation synthetic progenies (Synl), i.e., developing two top-cross
progenies; and (ii) even mixing of the Synl seeds (two top-cross progenies) to produce

subsequent generations, as is done to develop conventional synthetic strains from
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several parental clones. Clone and strain synthesis strains therefore include 1/2 derived
from crossing among two top-cross progenies and 1/2 within each top-cross progenies.
The allele frequency of a CSS strain is 1/4 derived from one SP being one genotype, 1/4
from another SP being one genotype, and 1/2 from PP being numerous genotypes
(Tamaki et al. 2009). Various genetic effects, such as GCA of parental materials and
SCA among parental materials, are expected to influence forage yields of Synl and the
second synthetic generation (Syn2) of CSS, respectively. Knowledge of quantitative
genetic parameters is therefore crucial for allocating resources for parental selection in
the CSS breeding scheme.

Information on genetic relations within species is used to facilitate selection of
breeding materials in some crop-breeding programs (Lee 1995; Kiula ef a/. 2008). In
Chapter 4, a positive correlation (» = 0.68, p < 0.001) was found between marker-based
GD estimates toward a tester and forage yields of top-cross progenies corresponding to
Synl of the CSS breeding scheme. However, reports of the literature describe few
attempts to establish a relation between GD estimates among parents and observed
yields of Syn2 of well-developed CSS strains in timothy breeding programs. The aims
of this study were to examine (i) the association of the GD estimates among the SPs of
each CSS strain with its forage yield in Syn2 generation and (ii) the relative
contribution of GCA and SCA to forage yield in CSS breeding scheme by predicting the

yields of Synl and Syn2 with molecular marker and field evaluation data.

Materials and methods

First synthetic generation of clone and strain synthesis strains

Timothy 51 top-cross progenies, which correspond to the Synl generation of CSS, and
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their SPs were used in this experiment. The cumulative DMYs over two years
(2003-2004) of the progenies and marker-based GDs of SPs toward a PP (GDr) are
presented in Chapter 4 (Table 4.1). Field trails and the genotyping protocol are
described in Chapter 4. In addition, GCA values of the 51 SPs are examined using
BLUP in Chapter 2 (Table 5.1), except for ‘a-13’, which had not been examined in
polycross progeny tests. Effective progeny numbers of SPs (ng in Table 5.1) indicating
the connectedness of data in BLUP procedure were calculated as follows (Robertson
and Rendel 1954): ng; = X{ni; (1 — ni; / nj)}, where n;; is a number of i th entries in j th
progeny test (n;; = 1 in all cases of this experiment), #; is the number of targeted entries
in the j th progeny test. To investigate the relative contributions of GCA and SCA to
yields of Synl generation of CSS strains (i.e. top-cross progenies), the dataset including
the cumulative DMYs over two years of top-cross progenies, GDr and GCA, was
analyzed according to the following multiple linear regression: y = fo + i GDt + [»
GCA, where y is the cumulative DMY's of top-cross progenies, fo, f1 and /% are partial
regression coefficients (PRCs), GDrt represents marker-based GDs toward a PP, and
GCA is a BLUP value based on polycross progeny tests. In addition, standardized PRCs
and the Pearson product-moment correlation coefficients among the three data (DMY of

top-cross progenies, GDr, and GCA) were calculated.

Second synthetic generation of clone and strain synthesis strains

Second synthetic generation of 15 CSS strains reported by Tamaki et al. (2009) and
their parental materials were used in this experiment. Seed parent clones of the 15 (=
6C2) CSS strains were ‘b-15", ‘c-01°, ‘c-02’, ‘c-08’, ‘c-17’, and ‘c-23’ (Table 5.2), which

were selected for high yields out of 152 entries in top-cross progeny tests described in
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Chapter 4. The common PP of the CSS strains was ‘Aurora’ (Shimokoji 1994a).

The cumulative DMYs of 15 CSS strains, which had been developed from all
possible pairs of six top-cross progenies derived from crosses between the SPs and
‘Aurora’, were evaluated at KAES, Hokkaido Research Organization, Kunneppu,
Hokkaido, Japan, (43°47'N, 143°42°E) on a high-humic haplic wet andosol over two
years (2005-2006). The CSS strains and five check varieties including ‘Aurora’ were
planted in an RCBD with four replicates in August 2004. The plots were 2.0 by 1.0 m
with four drilled rows. The amounts of fertilizer used on the plots were the following:
90 kg N ha™!, 180 kg P,Os ha™! and 90 kg K»O ha! in early spring, 50 kg N ha™!, 0 kg
P,0s ha™! and 50 kg K>O ha! after the first harvest and 40 kg N ha™!, 0 kg P>Os ha™!
and 40 kg K>O ha! after the second harvest. Cumulative DMY of each plot over the
two years (six harvests — three per year) were processed with ANOVA to detect the
significance among the entries.

The six SPs and 16 individuals of ‘Aurora’ as a PP were used in SSR evaluation.
The outlines of the genotyping protocol used for this study were described in Chapters 3
and 4. Genetic distance estimates were calculated from SSR data for all possible pairs of
genotypes using the following equation: GD;; =1 — [2N;; / (N; + N;)], where GD;; is the
GD estimate between clone 7 and j, N;; represents the total number of bands common to
clone i and j, and N; denotes the total number of bands present in i (Dice 1945; Nei and
Li 1979). Principal coordinate analyses were performed on the matrix of the GD
estimates with the GenAlEx program (Peakall and Smouse 2006).

To investigate the relative contribution of GCA and SCA to yields of Syn2
generation of CSS strains, a dataset including the cumulative DMYs of Syn2 of CSS

strains, the cumulative DMY's of Synl, sum of GCA (2GCA) of the combinations in the
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six SPs examined using BLUP (Chapter 2), marker-based GD estimates among SPs, and
marker-based GD between SPs and a PP (GDrt) was analyzed according to multiple
linear regression analysis with selection of variables based on Akaike’s information
criterion (AIC) employing the function ‘Im’ in the R statistical software package (GNU

General Public License).

Results

Predicting yields of top-cross progenies

The correlations (r) among DMY's of 50 top-cross progenies, GDt and GCA of their SPs
were —0.02 (p > 0.05, GDr vs. GCA), 0.68 (p < 0.001, DMY vs. GDr), 0.33 (p < 0.05,
DMY vs. GCA), respectively. The multiple linear regression analysis predicting DMY's
of top-cross progenies with GDt and GCA produced significant (F-value = 32.6; df = 2,
47; p < 0.001) regression models (Table 5.3). The respective partial regression
coefficients (S, fi and f») in the regression analysis were —8.57 (f; intercept), 42.8
(f1; the PRC of GDr), and 2.69 (/%; the PRC of GCA). All PRCs were significant (Table
5.4). The standardized PRCs of GDr (0.68) was larger than that of GCA (0.35) (Table
5.4). The multiple correlation coefficient was 0.76. The squared multiple correlation

coefficient adjusted for the degrees of freedom was 0.56.

Yields of the second synthetic generation of clone and strain synthesis strains

Significant differences were detected among the yield of 15 CSS strains in field trials.
The mean of DMY over two years of 15 CSS strains was 29.63 Mg ha™! and DMY were
26.96-31.78 Mg ha™! (Table 5.2). Four strains out of the 15 showed significantly higher

yield levels than ‘Aurora’ (29.15 Mg ha™!), their PP, although the mean DMY of 15
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strains (29.63 Mg ha™!) was similar to that of ‘Aurora’.

Simple sequence repeat marker evaluation and genetic distance among parents

The marker-based GD estimates among the six SPs were 0.52 (between ‘b-15" and
‘c-08”) to 0.76 (between ‘b-15" and ‘c-01’) (Table 5.2). The marker-based GD estimates
for all possible pairs among the 22 individuals including the 16 individuals of ‘Aurora’
were 0.52—0.83. In the PCOA based on the GD estimates, the first and second principal
coordinates, termed PC1 and PC2, explained 8.7% and 6.8% respectively of the total
variation in the SSR data (Fig. 5.1). The SPs, portrayed in Fig. 5.1, were separated from
the 16 individuals of ‘Aurora’ with respect to PC1. Five out of the six SPs, ‘b-15’,
‘c-02’, ‘c-08’, ‘c-17’, and °c-23’, were located distally from the 16 individuals of

‘Aurora’, although ‘c-01’ was closer to ‘Aurora’.

Predicting yields of clone and strain synthesis strains

As results of the selection of the explanatory variables based on AIC in the multiple
linear regression analysis, two factors which were marker-based GD among SPs and
2GCA of the two SPs examined using BLUP were selected for prediction of the yield of
Syn2 of CSS strains (Tables 5.5 and 5.6). The correlations between response and
explanatory variables were, respectively, 0.66 (p <0.01, DMY vs. ZGCA) and 0.64 (p <
0.05, DMY vs. GD; Fig. 5.2). Analysis of variance of the regression (Table 5.5) found
significance of regression (F-value = 13.8; df =2, 12; p < 0.001). The prediction model,
in which all PRCs were significant, was the following equation: y;; = 19.7 + 12.9 GD;;
+2.40 (GCA; + GCA4)), where y;; is DMY of Syn2 of CSS strain derived from SP i and j,

GD;; represents marker-based GD estimates between SP i and j, and GCA; stands for
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the GCA estimate of SP i (Table 5.6). The standardized PRCs of GD (0.53) were similar
to that of ZGCA (0.55) (Table 5.6). The multiple correlation coefficient was 0.83. The

squared multiple correlation coefficient adjusted for the degrees of freedom was 0.65

(Fig. 5.3).

Discussion
It was found in maize that marker-based GD among parents is associated with yields of
their progenies because of a SCA effect (Qi ef al. 2010). The GDt and BLUP of SPs can
be regarded respectively as SCA and GCA. Positive correlation between GDr estimates
and yields of top-cross progenies (Chapter 4 and results present herein) suggests that
yields of top-cross progenies had come from the SCA between their SP and PP. The
multiple linear regression analysis predicting yields of top-cross progenies with GDr
and GCA in this study, where the PRCs of GDt and GCA were significantly (p < 0.01)
larger than zero (Table 5.4), showed that both GCA and SCA contributed to yields of
top-cross progenies. Regarding relative contribution GCA and SCA to yields of
top-cross progenies, SCA (standardized PRC of GDr = 0.68) were larger than GCA
(standardized PRC of BLUP = 0.35) (Table 5.4). The lack of significant correlation of
GDr and GCA of SPs (r = —0.02, p > 0.05) suggests that GCA and SCA were mutually
independent. As one might expect, simultaneously maximizing both SCA toward a
tester and GCA of SPs would be difficult in parental selections for SPs candidates in
top-cross progeny tests.

The significant positive correlation (» = 0.64, p < 0.05) between forage yields of 15
CSS strains and marker-based GD estimates among SPs (Fig. 5.2) suggests that

considerable SCA effects among SPs contributed to the yield performances of the CSS
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strains, as proposed by Tamaki et al. (2009), and suggests that the use of elite clones as
SPs of CSS strain, selected from putative heterotic group formed based on molecular
marker, leads to efficient development of high-yielding strains with exploitation of SCA
effect among SPs. Various genetic effects, which were GCA of a PP, GCA of SPs, SCA
among SPs, and SCA between PP and SPs, can be expected to contribute to yields of
Syn2 of CSS strains. In multiple linear regression analysis predicting yields of Syn2 of
CSS strains, GCA of SPs and GD among SPs were selected as the predictor variables
(Tables 5.5 and 5.6, Fig. 5.3), although GCA of a PP was excluded from the analysis
because of 15 CSS strains derived from the common PP ‘Aurora’. These results indicate
that selection based on GCA of SPs and GD among SPs is promising for a CSS
breeding program.

Creation and utilization of heterotic groups are expected to play key roles for CSS
breeding programs in timothy. A significant positive correlation between GD estimates
and yields of top-cross progenies in previous study in timothy (Chapter 4) suggests that
parents separated based on molecular marker diversity might be in different heterotic
groups. In crops such as maize, where an F; hybrid advantage is established and for
which heterotic groups have been identified clearly, molecular marker approaches have
been used to show relations between GD and yield performance in single-cross hybrids
(Betran et al. 2003; Reif ef al. 2003; Qi et al. 2010) and to identify different heterotic
groups (Enoki et al. 2002; Reif et al. 2003). Distinct groups have been identified based
on molecular markers also in some forage grasses including perennial ryegrass (Bolaric
et al. 2005; Posselt 2010) and timothy (Guo et al. 2003). As improvement for yield with
our emphasis on a wide array of important traits, more effort should be devoted to using

putative heterotic groups based on molecular marker diversity within a well-adopted
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current breeding population, which was often established as one population by breeders,
rather than a search for distinct populations within non-adopted germplasm. In an earlier
study (Tamaki et al. 2009), the selection of SPs in top-cross progeny tests derived from
crossing SPs and a PP ‘Aurora’ caused separation of SPs and a PP (Fig. 5.1) and
high-yielding because of SCA between SPs and a PP (Tables 5.3 and 5.4) except for
‘c-01°. However, the results of the present study (Tables 5.5 and 5.6) suggest that
utilization of putative heterotic groups as the first step in a RRS approach should be
selection based on GCA of SPs and GD among SPs. Replacing the parents as described
in Tamaki et al. (2009) should be selecting SPs from each marker-based putative
heterotic group.

A CSS strain is not the same as a hybrid cultivar, it is a kind of synthetic variety
because a number of parents (or genotypes) are included in the strain. Comparing with
conventional variety synthesis shows that CSS presents some benefits for breeding for
high yield as well as high adaptability. In general, the development of conventional
synthetic varieties by intercrossing a limited number of clones (generally 5-12) having
superior combining ability just partially exploits heterosis during a limited number of
generations of seed increase. In perennial ryegrass, first and second generations of
synthetic cultivars derived from genetically wider polycrosses showed higher yields
than those derived from genetically narrower ones based on amplified fragment length
polymorphism diversity (Kolliker ef al. 2005). However, it is not feasible to create 512
subgroups that tend to exhibit high performance when crossed mutually and to
intercross individuals selected from each subgroup in conventional variety synthesis. A
three-parent approach using a PP and two SPs in CSS is expected to be more suitable

than conventional synthetic cultivars for RRS with two or three heterotic groups.
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Another benefit of CSS that merits further discussion is the adoption of current leading
varieties as PPs in CSS. The use of leading cultivars as PPs in CSS development is
expected to engender the development of new upgraded strains with strong selling
points and without fatal shortcomings as well as originally competent leading varieties.
Other noteworthy points are related to the role of PPs in CSS. Except for the PP, only
two genotypes constitute CSS strains. As few as two clones have been used in
conventional synthetic varieties of alfalfa and tall fescue (Sleper and Poehlman 2006).
The synthetic varieties based on two clones of alfalfa were unsuccessful as a result of
inbreeding depression because pollinators tended to favor a specific clone, leading to
seed produced by self-pollination or sib-pollination rather than by cross-pollination.
However, Tamaki et al. (2009) estimated that the inbreeding coefficient of a CSS strain
is similar to that of a conventional synthetic cultivar bred from six parental clones. From
this viewpoint, PPs help CSS strains to be dealt with in the same way as conventional

synthetic varieties for commercial distribution.
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5.2: Evaluation of forage yield performance in advanced generations of timothy
“clone and strain synthesis” strain

Introduction
Timothy national breeding program and network system in Japan started since 1964
(Ueda 1990). Raising the forage yield remains a high-priority target of timothy breeding
programs in Japan (Ueda 1990; Tamaki ef al. 2010). Tamaki et al. (2009) proposed CSS,
which is similar to variety synthesis, to boost improvement of forage yield by exploiting
both GCA and SCA in perennial self-incompatible forage grasses. As a result of
selection for forage yield in the CSS scheme, a high-yield variety can be synthesized by
combining two SPs and a PP having high GCA as well as SCA toward each other.

Breeding of most forage species including timothy is based largely on the
development of synthetic varieties in which a limited number of non-inbred parents
possessing superior combining ability were intercrossed (Brummer 1999; Tamaki ef al.
2007). The development of synthetic varieties just partially exploits heterosis during a
limited number of generations of seed increase, although inbreeding depressions might
occur in advanced generations (Sleper and Poehlman 2006). Therefore the success of
synthetic varieties depends on a balance between these two effects of heterosis (and
combining ability) and inbreeding depression among their parents. Regarding CSS
development, although high yield performance was found in Syn2 of timothy CSS
strains (Tamaki et al. 2009), no report describes yield performances in their subsequent
generations.

Inbreeding allogamous forage crops severely affects fitness, forage yield, plant
height, vigor, and seed production (Suginobu et al. 1983; Gallais 1984; Jones and

Bingham 1995). The inbreeding coefficient is a useful parameter for predicting the
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degree of inbreeding depression because many reports have described results showing
that the effect of inbreeding is approximately linear over widely varied values of the
coefficient (e.g. Mayo 1987). Under the assumption of diploidy and no relation among
parents, the inbreeding coefficient of a CSS strain is theoretically equivalent to that of
its PP if the PP has been synthesized from six clones (Tamaki et al. 2009). However, it
is necessary to examine the performance in advanced generations of CSS, especially in
the case of the hexaploid nature of timothy with a controversial genome structure and
little information related to their genetic relatedness. This study was undertaken to
investigate the scale of inbreeding depression in advanced generations of a CSS strain
by comparing forage yield, plan height, winter survival, and regrowth vigor among its

second to fourth synthetic generations (Syn2—4).

Materials and methods
All experiments were conducted at KAES, Hokkaido Research Organization, Kunneppu,

Hokkaido, Japan (43°47'N, 143°42°E) on a high-humic haplic wet andosol.

Seed production of a clone and strain synthesis strain in advanced generations

Seed production in each generation of the CSS strain ‘Kitakei 04306°, designated as No.
6 in our previous studies (Tamaki er al. 2009; Chapter 5), was conducted during
2004-2008. Two SPs (‘c-01’ and ‘c-02’) with two clonal replicates and seeds of the PP
(‘Aurora’) were planted in September 2004. These parental materials (‘c-01°—*Aurora’
and ‘c-02’—‘Aurora’) were transferred separately into isolation greenhouses in May
2005, and came into flower in late June 2005. Synl seeds were harvested in July 2005.

Equal quantities of seed from each of the two SPs were mixed together to form the Synl
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balanced bulk. In all, 640 seedlings of Synl were transplanted to isolated fields in
October 2005 for Syn2 seed production. The Syn2 seeds were harvested in August 2006.
The third synthetic generation (Syn3) seed production with 950 Syn2 seedlings was
conducted similarly to Syn2 seed production during 2006—2007. Two hundred seedlings
of Syn3 were grown in incubators for vernalization during 4 months (December 2007 —
March 2008) and were transplanted into isolation greenhouses in April 2008. The fourth
synthetic generation (Syn4) seeds were harvested in August 2008. The respective

quantity of Syn2, Syn3, and Syn4 seed harvested was 378, 783, and 40.9 g.

Experiment 1: Drilled-row plots

This experiment evaluated nine early maturing entries: the three subsequent synthetic
generations (Syn2—4) of ‘Kitakei 04306°, four check varieties including ‘Aurora’ and
‘Natsuchikara’, and two strains. Seeds of the nine entries were planted in an RCBD with
four replicates in May 2009 at a planting rate of 20 kg ha™!. Each plot consisted of four
2.0-m locations drilled 0.25 m apart. Two herbage harvests were conducted in the first
year: mid-July 2009 and early September 2009. Fertilizer applications of 95 kg N ha™!,
80 kg P>Os ha™! and 95 kg K»O ha™! were conducted in the first year. Three herbage
harvests per year were made in 2010 and 2011: mid-June, early August, and early
October, where plants were clipped to a 10-cm stubble height. Plots were fertilized as
follows: 90 kg N ha™!, 180 kg P>Os ha™! and 90 kg KO ha™! in early spring, 55 kg N
ha™!, 0 kg P,Os ha ! and 55 kg K>O ha™! immediately after the first harvest and 37 kg N
ha™!, 0 kg POs ha™! and 37 kg K,O ha! immediately after the second harvest. Dry
matter yield (Mg ha ') and plant height (cm) in each plot were measured at each harvest.

Date of head emergence in each plot was recorded as the day after 31 May when the
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sixth panicle had emerged from the boot leaf, i.e. three heading panicles per square
meter. Winter survival, based on the observation of crown health and amount of
regrowth, was scored on a 1 = poor to 9 = good scale on 30 April 2010 and 25 April
2011. Regrowth vigor, based on the observation of plant density and amount of
vegetative regrowth, was scored on a 1 = poor to 9 = good scale approximately 2 weeks
after first harvests in 2010 and 2011. Statistical analyses were performed using two-way
ANOVA with the entries and block as fixed effects, followed by Tukey’s honestly
significant difference (HSD) test (Yandell 1997) for post hoc comparisons. Regarding
the annual DMY, data were analyzed using ANOVA with the entries, year, and year by

entry interaction effects to investigate the year by entry interaction.

Experiment 2: Spaced plant plots

The entries in this experiment consisted of the Syn2—4 of ‘Kitakei 04306’ and variety
‘Aurora’. Seeds were germinated in March 2009 in the greenhouse. Two-month-old
seedlings of the four entries were transplanted into the field to establish spaced plant
plots according to an RCBD with six replicates in May 2009. Each plot was a 6-m row
containing 10 individuals planted 60 cm apart. The rows were spaced 75 cm apart.
Three herbage harvests per year were made in 2010 and 2011 — early July, late August
and mid-October, where plants were clipped to a 10-cm stubble height. Plots were
fertilized as follows: 60 kg N ha™!, 69 kg P,Os ha™! and 60 kg K>O ha! in early spring,
60 kg N ha™!, 0 kg P>Os ha! and 60 kg K>O ha™! immediately after the first harvest and
60 kg N ha™!, 0 kg P,Os ha™! and 60 kg K2O ha™! immediately after the second harvest.
Four traits as plant height, date of head emergence, winter survival, and regrowth vigor

after the first harvests were measured in 2010 and 2011. Statistical analyses were

77



performed using one-way ANOVA with the entries as fixed effects, followed by Tukey’s

HSD test for post hoc comparisons.

Results

Significant differences (p < 0.05) were found among the nine entries for DMY's of the
first and second harvests in 2009, and for the first, second, and annual harvests in 2010
(Table 5.7). In ANOVA for the annual DMYs (Table 5.8), the year and entry effects
were significant, although the year by entry interaction effect was not significant. The
cumulative annual DMYs of each generation of ‘Kitakei 04306 were 9.0—10.9% higher
than that of the PP ‘Aurora’, and were similar to that of ‘Natsuchikara’, which was the
highest yielding variety among check varieties in this experiment. Although no
significant differences (p > 0.05) for DMYs was found among Syn2—4 generations of
‘Kitakei 04306°, it was observed that the first harvests in both 2010 and 2011, and the
cumulative annual DMY's tended to decline from Syn2 to Syn4 (Table 5.7), where the
rates on the cumulative annual DMYs were —1.0% (from Syn2 to Syn3) and —1.7%
(from Syn2 to Syn4). Moreover, the trend for DMYs decrease among advanced
generations seemed to worsen with the lapse of the harvests during 2009-2011 (Table
5.7).

Significant differences (p < 0.05) were found among entries for plant height (cm) in
the first and second harvests of Experiment (Exp.) 1 (Table 5.9). Although no significant
differences (p > 0.05) were found among advanced generations of the CSS strain, the
plant heights of the first harvests in Exp. 2 tended to decline with the advance of
generation (Table 5.9).

Regarding other traits, the date of head emergence, winter survival, and regrowth
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vigor after the first harvest, significant differences (p < 0.05) were found among the
entries only in Exp. 1. The differences among advanced generations of the CSS were

not significant (p > 0.05) in Exp. 1 or 2 (Table 5.10).

Discussion

The controversy related to the timothy genome structure remains unresolved: auto-,
allo- or autoallo-hexaploid (Tamaki er al. 2010). A yield decrease is theoretically
expected also in advanced generations unless it is an allohexaploid. Moreover, the three
parental materials of ‘Kitakei 04306’ had genetic relatedness because the parents had
several common alleles based on simple sequence repeat markers (Chapter 5). Therefore,
it is necessary to accumulate additional empirical results related to the performance of
advanced generations for demonstrations of yield superiority in CSS. The results
obtained in this study were not significance (p > 0.05). They showed a slight decrease
with the advance of generation for forage yield and plant height (Tables 5.7 and 5.9).
These results resemble those of reports describing that inbreeding depression was not
observed between Synl and Syn2 of conventional synthetic varieties with four parents
of timothy (Piano et al. 2007; Tamaki et al. 2007). The risk of severe inbreeding
depression in CSS was not revealed by our limited experiments, which were conducted
for only one CSS strain in one location.

In the breeding strategy currently assumed for a CSS variety, Syn4 corresponds to
the generation of its commercial seeds. The cumulative annual DMY of Syn4 remained
9.0% higher than that of ‘Aurora’. One of the two seed parental materials of the CSS
strain ‘c-01’ was an elite clone having high GCA (Chapter 5) and was one of the parents

of ‘Natsuchikara’. The other material ‘c-02’ was an undesirable clone, which could not
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be selected as parents of current well-developed strains (data not shown). Nevertheless,
‘Kitakei 04306’ derived from ‘Aurora’ and ‘c-02’°, which were inferior to ‘Natsuchikara’
in terms of forage yield, the cumulative annual DMY of Syn4 was similar to that of
‘Natsuchikara’. These results strongly suggest the yield superiority of ‘Kitakei 04306’
and the important benefits of yield improvement of CSS in timothy breeding.

The theory of prediction of yield of conventional synthetic variety has provided
perennial and self-incompatible plant breeders with various options such as the
optimum number of parents based only on GCA estimates, or the concept of general
synthesizing ability, which takes account of GCA and performance of selfed progenies
(Posselt 2010). In addition, the theory has been extended to autopolyploids (Posselt
2010). Regarding CSS development, Tamaki ef al. (2009) described differences between
Synl and Syn2 for yield levels by genotype frequencies derived from each parental
material. Future studies elucidating the theoretical performance of CSS strains can
suggest alternative selection schemes. Our results will provide helpful information for

the formulation of CSS prediction.
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Table 5.1 Design matrixf in 11 timothy (Phleum pratense L.) polycross progeny tests (A—-K), the
effective progeny number (n5)f, and general combining ability for annual dry matter yields (GCA)§ of 50

parental clones

Entry of polycross progeny tests

Parental clone designations A B C D E F G H I J K ng GCA
b-04 Y Y 1.87 0.162
b-08 Y Y 1.87 0.157
b-12 Y 0.83 0.103

b-15 Y 0.97 0.378
b-31 Y 0.97 0.367
b-40 Y 0.90 0.039
c-09 Y 0.90 -0.027
c-33 Y 0.90 —-0.075

d-09 Y 0.90 0.025

d-39 Y 0.90 —-0.016
a-05 Y 0.90 —0.074
a-06 Y 0.90 —-0.029
a-22 Y 0.90 —0.010
a-25 Y 0.83 —0.081

b-24 Y Y 1.88 -0.132
b-29 Y 0.97 0.036
c-08 Y Y 1.87 0.269
c-13 Y 0.97 —0.281

c-24 Y Y 1.80 0.124
c-34 Y 0.90 —0.087
d-17 Y 0.86 —0.187
d-28 Y 0.83 —0.153

a-07 Y 0.88 0.081

a-10 Y 0.86 0.076
a-38 Y 0.83 0.514
a-40 Y 0.90 —0.069
b-09 Y 0.90 0.064
b-19 Y 0.88 —-0.017
b-26 Y 0.97 0.250
b-32 Y Y 1.95 0.409
b-37 Y 0.92 —0.063
c-04 Y 0.90 —-0.013
c-17 Y 0.86 —0.109
c-23 Y Y 1.88 0.330
c-36 Y 0.90 0.004
c-39 Y Y 1.87 —0.049
d-03 Y 0.90 —0.039
d-07 Y 0.88 0.055
d-10 Y Y 1.88 0.028
d-23 Y Y 1.88 0.336
d-24 Y 0.83 0.085
d-33 Y 0.88 0.011

a-01 Y 0.98 0.226
a-11 Y 0.92 —0.059
a-23 Y Y 1.88 —0.181

a-37 Y Y 1.88 0.168
b-11 Y 0.92 —-0.030
b-22 Y Y 0.97 —0.035
c-01 Y Y 1.94 0.595
c-02 Y Y 1.82 —0.175

1Y means entry to each polycross progeny tests: A—K.

I The effective progeny number (n) is calculated according to Robertson and Rendel (1954).

§ GCA is estimated by fitting to a mixed additive model based on annual dry matter yields in 11
polycross progeny tests with 180 data and 100 entries.
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Table 5.3 Regression analysis of variance of marker-based genetic distances (GDy) toward a tester

and general combining ability (GCA) estimates of seed parents on cumulative annual dry matter yields

(DMYs)t of 50 timothy (Phleum pratense L.) top-cross progenies over two years (2003-2004) at

Kunneppu, Hokkaido, Japan

Source of variance df Mean of squares F-value P-value

Regression 2 29.8 32.6 <0.001
GD1f 1 48.0 52.6 <0.001
GCA$ 1 11.5 12.6 <0.001

Residual 47 0.914

Total 49

+ Experimental plots were harvested three times per year during 2003—2004.

i GDr was calculated from the average of genetic distances (GDs) between each seed parent and 16

individuals of tester ‘Aurora’ based on 28 simple sequence repeat marker diversity.

§ Best linear unbiased prediction values of SPs in mixed effect models based on 11 polycross progeny

tests with 180 data and 100 entries, where polycross progenies of the SPs were examined.
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Table 5.4 Partial regression coefficients (PRCs) of a linear model with marker-based genetic
distances (GDr) toward a tester and general combining ability (GCA) estimates of seed parents on
cumulative annual dry matter yields (Mg ha ')t of 50 timothy (Phleum pratense L.) top-cross

progenies over two years (2003—2004) at Kunneppu, Hokkaido, Japan

Factors PRC Standardized error ~ t-value P-value Standardized PRC
GDrf 42.8 59 7.25 <0.001 0.68
GCA§ 2.70 0.73 3.69 <0.001 0.35
Intercept —8.57 4.20 2.04 0.047

+ Experimental plots were harvested three times per year during 2003-2004.

1GDt was calculated from average of genetic distances (GDs) between each seed parent and 16
individuals of tester ‘Aurora’ based on 28 simple sequence repeat marker diversity.

§ Best linear unbiased prediction values of SPs in mixed effect models based on 11 polycross progeny

tests with 180 data and 100 entries, where polycross progenies of the SPs were examined.
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Figure 5.1 Scatter plot of the first two principal coordinate scales for 22 timothy (Phleum

pratense L.) genotypes including 16 individuals of ‘Aurora’ and six parental clones constituting 15

(= 6C2) ‘clone and strain synthesis’ strains in principal coordinate analysis (PCOA) performed

with matrix of genetic similarity coefficients. PC1 and PC2 respectively denote the first and

second principal coordinates respectively. Symbols @ and /A respectively denote six clones

(‘b-15’, ‘c-01’, ‘c-02’, ‘c-08’, ‘c-17’ and ‘c-23’) and 16 individuals of ‘Aurora’.
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Table 5.5 Regression analysis of variance of marker-based genetic distances (GDs) among timothy
(Phleum pratense L.) seed parents (SPs) of ‘clone and strain synthesis (CSS)’ strains and sum of general
combining ability (GCA) estimates of SPs on cumulative annual dry matter yields (Mg ha ')t of 15 CSS

strains over two years (2005-2006) at Kunneppu, Hokkaido, Japan

Source of variance df Mean of squares F-value P-value

Regression 2 11.9 13.8 0.0007805
GDif 1 9.12 10.6 0.006955
GCA§ 1 14.7 17.0 0.001418

Residual 12 0.863

Total 14

1 Experimental plots were harvested three times per year during 2005-2006.

1 GD were calculated based on 28 simple sequence repeat markers diversity according to Dice (1945) and
Nei and Li (1979).

§ Best linear unbiased prediction values of SPs in mixed effect models based on 11 polycross progeny

tests with 180 data and 100 entries, where polycross progenies of the SPs were examined.
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Table 5.6 Partial regression coefficients (PRCs) of a linear model with marker-based genetic distances
(GD) among timothy (Phleum pratense L.) seed parents (SPs) of ‘clone and strain synthesis (CSS)’ strains
and sum of general combining ability (XGCA) estimates of SPs on cumulative annual dry matter yields

(Mg ha™)t of 15 CSS strains over two years (2005-2006) at Kunneppu, Hokkaido, Japan

Factors PRC Standardized error t-value P-value Standardized PRC
GDif 12.9 4.0 3.25 0.007 0.53
2GCA§ 2.40 0.71 3.36 0.006 0.55
Intercept 19.7 2.7 7.24 < 0.001

1 Experimental plots were harvested three times per year during 2005-2006.

1 GD were calculated based on 28 simple sequence repeat markers diversity according to Dice (1945) and

Nei and Li (1979).

§ Sum of best linear unbiased prediction values of SPs in mixed effect models based on 11 polycross

progeny tests with 180 data and 100 entries, where polycross progenies of the SPs were examined.
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Figure 5.2 Relation between cumulative annual dry matter yields of 15 ‘clone and strain
synthesis (CSS)’ timothy (Phleum pratense L.) strains and genetic distance estimates among
pairs of two seed parents constituting each CSS strains. r denotes Pearson’s correlation
coefficient. * represents significance r-value (p < 0.05). The cumulative annual dry matter yields

were examined over two years (2005-2006) at Kunneppu, Hokkaido, Japan.
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Figure 5.3 Observed and predicted cumulative annual dry matter yields of 15 ‘clone and strain

synthesis (CSS)’ timothy (Phleum pratense L.) strains. Prediction were performed multiple

regression based on sum of GCA of two parental clones (PCs) and genetic distances (GDs)

among two SPs as follows: y = 19.7 + 2.40 2XGCA + 12.9 GD (see Table 5.6).
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Table 5.8 Analysis of variance (ANOVA) on the annual dry matter yields (Mg ha ')t of 9 timothy
(Phleum pratense L.) early maturing entries in drilled-row plots (Experiment 1) over three years

(2009-2011) at Kunneppu, Hokkaido, Japan

Source of variance df Sum of squares Mean of squares F-value P-value
Year (Y) 2 1368 684 963.2 <0.001
Entry (G) 8 16.95 2.12 2.984 <0.01
GEI (G by V)i 16 4.97 0.31 0.4377 0.967
Residuals 81 57.52 0.71

1 Experimental plots were harvested twice in 2009, and three times per year during 2010-2011.

i Genotype (entry) by environment (year) interaction.
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Table 5.9 Means of plant height (cm) of advanced generations of ‘clone and strain synthesis (CSS)’

timothy (Phleum pratense L.) strain, ‘Kitakei 04306, in drilled-row plots (Experiment 1) and spaced

plant plots (Experiment 2) over two years (2010-2011) at Kunneppu, Hokkaido, Japan

Experiment 1

Experiment 2

Entry Generation
Ist 2nd 3rd Ist 2nd 3rd
Kitakei 04306 Syn2 100 83 44 132 94 46
Syn3 99 84 43 130 89 47
Syn4 100 85 46 128 93 47
Aurorat Commercial seeds 96 81 46 132 91 49
Natsuchikara Breeder seeds 101 87 45
F-valuei 817 33 0.8™ .o ™ 17

1 Pollen parental variety of the CSS strain, ‘Kitakei 04306°.

1 F-value in analysis of variance with the entry as fixed effects. ~ and ~ respectively show significant

difference among the entries at the 0.01 and 0.05 level. ™ shows no significant difference among the

entries at the 0.05 level.
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Chapter 6: General discussion

Genetic gains for forage yield of timothy in the Japanese breeding program (3.1-6.6%
per decade) were low, as were those of other forage grasses and legumes breeding
programs in Europe and North America (Chapter 2). The results in early maturing
population at KAES, Hokkaido Research Organization, Kunneppu, Hokkaido, which
showed a lower genetic gain of 3.1% per decade, the low narrow-sense heritability
among individuals within half-sib family (4> = 0.03), and the medium narrow-sense
heritability among half-sib family (4> = 0.43), indicated that accumulating only an
additive effect was difficult for a breakthrough in the stagnation of yield improvement
(Chapter 2).

Marker-based GDs are clearly related to forage yields in several mating designs
such as synthetic varieties (Exp. 1 in Chapter 3), polycross progenies (Exp. 2 in Chapter
3), top-cross progenies (Chapter 4), and CSS strains (Chapter 5). These results provide
evidence that marker-based GDs were useful tools for parental selection exhibiting
genetic effects related to genetic diversity, i.e. non-additive effects. Many cases of using
DNA markers can be (1) pre-selecting parental combinations in a conventional synthetic
development (Chapter 3) and combinations of SPs in a CSS development (Chapter 5),
(1) partitioning combining ability into GCA and SCA in yields of polycross progenies
(Chapter 3), top-cross progenies (Chapter 4) and CSS strains (Chapter 5), (ii1) creating
putative heterotic groups (Chapter 4 and Chapter 5), and (iv) introducing new
germplasm into breeding population by top-cross (Chapter 4). The methods require no
expensive marker such as gene function markers. They are reliably applicable for a
practical timothy breeding program.

Because long-term rapid yield improvement in maize has been obtained using RRS
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procedures rather than just hybrid breeding itself, the most critical point is not only
hybrid development per se but also the introduction of RRS, i.e. to create and use
heterotic groups for yield improvement in forage grasses or legumes. The CSS has the
capacity to include RRS because one of its main aims is to exploit combining ability
including SCA among a small number of parents (Chapter 5). In addition, SCA effect
among SPs partly contributed in the high-yielding performance of Syn2 of CSS strains
as well as GCA effect of SPs (Chapter 5). Moreover, its high-yielding performance was
confirmed in its subsequent generations (third and fourth synthetic generation) (Chapter
5). These results indicate that a potentially effective way to improve forage yield in the
future is RRS in CSS development with an application of genetic diversity based on
DNA marker polymorphism. Difficulties associated with the creation of heterotic
groups starting RRS in timothy are that breeders have often established only one
breeding population and that defining and dividing heterotic groups based only on field
trials are labor-intensive and time-consuming. The author discusses the usefulness of
genetic diversity based on DNA marker polymorphism to propose an effective RRS
scheme for an acceleratable yield improvement of timothy judged from the results of
selection simulations in this chapter (Chapter 6). In addition, the author suggests the
application of SSR marker diversity and development of CSS in actual timothy breeding
program, and discusses their prospects for the development of high yield varieties

(Chapter 6).

6.1: Proposal for reciprocal recurrent selections in timothy breeding using
molecular marker diversity

Posselt (2010) described a generalized RSS scheme for improving two parent
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populations in hybrid breeding. Feasible RRS approaches were selections of GCA of
SPs and GD among SPs because these genetic effects contributed to forage yield in the
CSS strains (Chapter 5). Taking these two perspectives into consideration, the breeding
scheme in Fig. 6.1 was proposed, which consists of three breeding phases. In brief,
current breeding populations were divided into two groups based on molecular marker
diversity in the first phase of creation of the base population (upper part of Fig. 6.1). In
the second phase of parental selections, SP candidates were selected based on individual
selections within each of the two pre-divided groups and top-cross progeny tests with a
tester derived from another group (middle part of Fig. 6.1). In the third phase of
constructions and evaluation of experimental varieties, CSS strains were developed by
combinations of SP candidates and leading varieties or well-developed strains as a PP
(lower part of Fig. 6.1).

In the first breeding phase, the maintenance of a series of elites and genetically
divergent populations will enhance breeders’ ability to develop variety partial exploiting
heterosis recurrently (Scotti and Brummer 2010). Posselt (2010) described that it is
suggested to preselect parents for GD based on molecular or geographic data, and to
produce and test diallel crosses among them as for heterotic groups and patterns. In
addition, some evidence suggests that adapted populations isolated by time and space
are the most promising candidates for heterotic patterns (Posselt 2010). In perennial
ryegrass, pre-grouping of genetic materials by geographic distances engenders a rather
high association (r = 0.64) between marker-based GDs and performances of the diallel
crosses (Posselt 2010). However, numerous studies have found the largest molecular
variance within populations rather than among populations in forage grasses (Huff

1997; Kolliker 1999; Bolaric et al. 2005; Casler et al. 2007; Chapter 4). In current
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timothy breeding programs, advanced breeding materials and varieties well adapted to
the climate are the main genetic resources (Tamaki et al. 2010). Breeders often have
established only one breeding population for labor saving. Therefore most advanced
breeding materials are miscellaneous because they had already attempted introgressions
by intercrossing among various resources in recurrent selections. As improvement for
yield with our emphasis on a wide array of important traits, more effort should be
devoted to exploiting heterotic effects for yield within well-adapted current breeding
populations rather than using distinct populations that are inferior to current breeding
population at the beginning of a creation of heterotic groups. According to Humphreys
(2001), crossing early and late heading accessions produced valuable gene pools which
have been used to improve consistency of seasonal yield and nitrogen use efficiency in
perennial ryegrass. Populations derived from crossing with other maturing materials of
advanced breeding populations, which had been identified as distinct groups based on
molecular markers diversity, might be genetically divergent population as well-adapted
heterotic group candidates. No evidence that three putative heterotic groups exist within
breeding populations were obtained in this study, although the three-parents approach in
CSS development require three divergent populations for two SP candidates and a PP.
Therefore, two divergent populations shown in Fig. 6.1, where current breeding
population were divided into the putative heterotic groups based on DNA marker
diversity, is expected to be the most feasible approach at the initial step to RRS.

In terms of the second breeding phase, the selection of SPs in RRS and
improvement of PP candidates are key points to improve the process of CSS
construction. Difficulties associated with the selection of SPs are that breeding efforts

were distributed for SCA among SPs and GCA of SPs, i.e. either top-cross or polycross
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progeny tests were established. Top-cross progeny tests were more feasible procedures
in selection for SCA than polycross progeny tests (Chapter 4) were, whereas GCA
defined as performances in polycross progeny tests contributed to forage yields in CSS
strains as well as SCA among SPs (Chapter 5). Successful SPs selection is expected to
depend on how genetic gains for forage yield can be anticipated within a limited of
current breeding population possessing additive variation evaluated in Chapter 2 and
genetic diversity on SSR markers evaluated in Chapter 4. In any case, DNA profiling
provides applicable tools to distinguish the relative contributions of GCA and SCA
effects, as explained in Chapter 3 and Chapter 4. Development of PP candidates can be
operated using the following three approaches: (i) a new leading cultivar as PP of CSS
strains, (i1) a conventional synthetic strain derived from the third genetically divergent
group from SPs, and (iii) a conventional synthetic strain derived from two putative
heterotic groups of SPs. At a breeding stage of transition from a conventional recurrent
selection to a RRS, a leading cultivar would be suited to the first choice, as discussed in
Chapter 5. Establishment of PP in a succeeding CSS development requires more
empirical results at an advanced breeding stage for long-term yield increases.
Post-synthesis selections, which are historically the most proven approach to
improving forage yields, still have a key role in the third breeding phase. The CSS
development might be more beneficial for the post-synthesis selection than
conventional synthetic variety. Synthesizing of the only six SPs and a PP in Chapter 5
found 15 CSS strains having large variations for forage yields, whereas a few
experimental strains could be developed through one selection cycle in conventional
synthetic development. An experimental strain might include failure parents masked by

GEI in parental selections (Amini ef al. 2011). Breeders must also assume the cases of a
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conventional synthetic development in RRS scheme and reverting to conventional
recurrent selection such as among- and within-half-sib family selection in a breeding
stage of the transition. These facts imply the necessary of avoiding the loss of
accumulating additive effects within breeding populations through RRS. In a breeding
stage attaining several cycles in RRS, the CSS scheme was modified to fit two heterotic
groups shown in Fig. 6.2, although no evidence exists for this. General aspects of the
scheme has been described by Tamaki et al. (2007) as proposing “modified synthetic
variety”, where strains were synthesized by two polycross progenies with exploitation
of SCA among SPs of the two progenies and minimizing a risk of inbreeding
depression.

Selection simulations of RRS with CSS development were performed based on the
results in Chapter 2—5 (Appendix B); the variation of BLUP values (Chapter 2), the
heritability among half-sibs (Chapter 2), the heritability among individuals within
half-sibs (Chapter 2), the variation of GDs among current breeding materials (Chapter 3
and 4), and the prediction models for yields of top-cross progenies and CSS strains
(Chapter 5). On the assumptions that (i) only two (putative) heterotic groups are
identified by genetic diversity on SSR makers and (i1) an initial PP was not improved
because no evidence for the third heterotic group and feasible development of PP
candidates was shown in this study, three patterns of RSS schemes combined
procedures of either top-cross or polycross progeny tests were compared (patterns A—C
in Fig. 6.3 and Table 6.1). Genetic gains for cumulative DMY's over two years through
three selection cycle in the three schemes were 5.1 Mg ha™' (22.3%) in pattern A, 5.1
Mg ha™! (19.3%) in pattern B, and 5.1 Mg ha™! (10.6%) in pattern C (Table 6.1).

Patterns A and B acquired twice the genetic gains as among- and within-half-sib family
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selection did, attaining one selection cycle shown in Chapter 2. Pattern C was not so
much compared with among- and within-half-sib family selection (Fig. 6.4). The
increase of the additive effect through three selection cycles in the population of the
pattern A established top-cross progeny tests (0.747 Mg ha™!; Table 6.1) was less than
that in among- and within-half-sib family selection (1.19 Mg ha™! through four selection
cycle in Chapter 2), whereas the increase in the pattern C established polycross progeny
tests (0.915 Mg ha™!; Table 6.1) was nearly equal to that in among- and within-half-sib
family selection. For pattern B, one group in the procedure of top-cross progeny tests
was similar to that of pattern A. Another group in polycross progeny tests was equaled
to that of pattern C. The results of the selection simulations indicated that the pattern B
of RRS is a more feasible scheme for a rapid yield increase avoiding the loss of

accumulating additive effects within the populations.

6.2: Development of clone and strain synthesis strain and use of molecular marker
diversity in actual timothy breeding at KAES
Forty-seven CSS strains with extreme-early to late maturing were developed using the
primary procedure described in Tamaki et al. (2009) at KAES. Among them, 13
extreme-early maturing CSS strains are attained in most advanced breeding stages,
where multi-location yield trials were operated at three locations in Hokkaido: KAES
(43°47°'N, 143°42°E), the National Agricultural and Food Research Organization
Hokkaido Agricultural Research Center (NAROH), Sapporo (43°00°'N, 141°24°E), and
the Tokachi test field of HFAC, Obihiro (42°50'N, 143°07'E). Annual DMYs in 2013
(Table 6.2 and Fig. 6.5) showed that ranking of the entries differed at respective

locations. Two CSS strains (Nos. 10 and 13) were superior to a check variety ‘Kunpu’ as
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their PP for annual DMY at all locations (Table 6.2 and Fig. 6.5). In such multiple
environment trials, the occurrence of GEI is often unavoidable, especially in the
location environment. Reportedly, both biotic and abiotic factors are said to be the main
contributors for GEI and yield instability in plants, although these known factors can
only partly explain most of the GEI in multiple environment trials (Ferreira et al. 2006;
Asfaw et al. 2009). Nevertheless, it has been reported that SCA tended to be unstable to
environments rather than GCA for yield performance of hybrids in maize (de Souza et
al. 2009; Devi and Singh 2011). Although relations between yield stability and relative
contributions of genetic effects in CSS strains call for additional investigation, some
(but not all) well-adapted and high-yielding CSS strains at multi-environments have
been found in primary CSS breeding (Fig. 6.5).

Results of this study suggest that genetic diversity on DNA markers has been used
for the following: (i) identification of putative heterotic groups in a current breeding
population, (ii) pre-selecting materials for an introgression of new resources such as
top-crosses among different maturing groups, and (ii1) parental selection in conventional
synthetic varieties. In actual timothy breeding at KAES, some relative attempts were
operated as follow: (1) early maturing 96 individuals selected from the current breeding
base population were divided into putative heterotic groups based on 28 SSR markers in
2013 (Figs. 6.6 and 6.7), (i1) materials were pre-selected for top-cross between early
maturing single plants and medium varieties based on results of cluster analysis of six
current reading varieties in Hokkaido in 2012-2013, and (iii) experimental strains were
synthesized based on a GD matrix of 64 parental candidates in 2012-2013. These
materials are anticipated for use and examination for development of high-yield

varieties in timothy breeding at KAES. Especially, the 96 individuals of putative
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heterotic groups are crossed in top- and polycross mating designs. Operations of the
RRS with top-cross and polycross progeny tests (pattern B in Fig. 6.3) will be started in
2015. Consequently, the operations of RRS with CSS development are just launched in
timothy breeding at KAES. Such approaches using genetic diversity on SSR markers
might enhance improvement of forage yield by exploiting heterosis. In the future, these
approaches are expected to achieve long-term rapid yield improvement in timothy.
Developing high-yielding timothy varieties engenders increased productivity in
renovated grasslands and earlier recovery of costs for grassland renovation. Moreover,
these might provide solutions for conversion to dairy systems that are dependent solely
on self-sufficient feed by enhancing grassland renovation and a reduction in
environment burden of dairy systems depending on imported feed. Finally, the author
hopes this work can support the continued development of environment-friendly
agricultural system through increased production of high-quality feed that can be

produced with domestic self-sufficiency.
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Current breeding population

Dividing into different groups based on molecular marker diversity

(Putative) Heterotic group o (Putative) Heterotic group B

Individual selections within each putative heterotic group with
evaluations of combining ability by test-cross and its progeny tests

Superior plants within group o Superior plants within group

Developing strains by “clone and strain synthesis”
and testing their possible release

Next cycle Next cycle

Figure 6.1 General reciprocal recurrent selection (RRS) scheme with “clone and strain

synthesis (CSS)” development based on molecular marker diversity and test-cross field data.
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Figure 6.3 Patterns (A—C) of individual selection within each heterotic group with evaluations of
combining ability by test-cross and its polycross progeny test in reciprocal recurrent selection (RRS)
procedures. Pattern A (upper part in the Figure) shows procedures adopted for top-cross progeny tests
in each group. Pattern B (middle part in the Figure) shows procedures adopted for polycross and
top-cross progeny tests in groups o and (3, respectively. Pattern C (lower part in the Figure) shows

procedures adopted for polycross progeny tests in each group.
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Figure 6.4 Transition of forage yields with selection cycles of three patterns (A, B and C) of
reciprocal recurrent selection (RRS) with CSS development and among and within half-sib
selection (AWHS) in timothy (Phleum pratense L.) by computer simulation based on the dataset
obtained in Chapter 2-5. Performances of forage yields (PY) in RRS were calculated as the yield
of Cycle 0 in the pattern A was equal to 100 (refer to Table 6.3). PY in AWHS was calculated the
yield of Cycle 0 was equal to 100 (refer to Fig. 2.3) on the assumption that selection cycle in
AWHS had advanced one selection cycle than that in RRS, i.e. Cycle 1 in Fig. 2.3 corresponds to

Cycle 2 in this figure.
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Table 6.2 Annual dry matter yields (Mg ha ')t of 13 extreme-early maturing timothy (Phleum
pratense L.) “clone and strain synthesis (CSS)” strains and a check variety ‘Kunpu’ in yield trials in
2013 at the three location: Kitami Agricultural Experiment station (KAES), Hokkaido Research
Organization, Kunneppu, Hokkaido, Japan, National Agricultural and Food Research Organization
Hokkaido Agricultural Research Center (NAROH), Sapporo, Hokkaido, Japan, and Tokachi test fields

of the Hokuren Federation of Agricultural Cooparatives (HFAC), Obihiro, Hokkaido, Japan

Location
Entry KAES (Kunneppu) NAROH (Sapporo) HFAC (Obihiro)
CSSstrain = No. 1 11.32 11.35 12.61
No. 2 11.52 11.75 11.93
No. 3 10.69 12.20 12.31
No. 4 10.84 11.44 11.71
No. 5 10.63 11.38 12.50
No. 6 11.20 11.72 11.81
No. 7 11.46 11.07 12.55
No. 8 10.76 12.33 12.08
No. 9 11.55 11.26 12.02
No. 10 11.47 11.67 13.18
No. 11 11.02 11.57 11.50
No. 12 12.03 11.36 11.62
No. 13 11.39 12.23 12.75
Kunpu 11.11 11.31 12.18
LSD (0.05)% 0.79 NS§ NS
CV (%) 4.9 6.6 5.5

Underlined digits are the maximum yield values at each site.

1 Experimental plots were established in 2012 and harvested three times in 2013.
i Least significant difference at the 0.05 probability level.

§ NS, not significant.

4| Coefficient of error variation.
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Figure 6.5 Annual dry matter yields (Mg ha‘1) of 13 extreme-early maturing timothy (Phleum
pratense L.) “clone and strain synthesis (CSS)” strains and a check variety ‘Kunpu’ in yield trials
in 2013 at the three location: Kitami Agricultural Experiment station (KAES), Hokkaido Research
Organization, Kunneppu, Hokkaido, Japan, National Agricultural and Food Research
Organization Hokkaido Agricultural Research Center (NAROH), Sapporo, Hokkaido, Japan, and
Tokachi test fields of the Hokuren Federation of Agricultural Cooparatives (HFAC), Obihiro,
Hokkaido, Japan. Abbreviations of entries showed as follow: “1” — “13” are clone and strain

synthesis strains.
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Figure 6.6 Unweighted pair group method using arithmetic average (UPGMA) clustering of 96
timothy (Phleum pratense L.) genotypes using a matrix of Dice coefficients by marker-based
diversity. The genotypes were early maturing individuals selected from the breeding base
population during 2011-2013 at Kitami Agricultural Experiment Station. Words between round

brackets in names of genotypes represent their seed parental clone ID except for P65—-69.
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Figure 6.7 Scatter plot of the first two principal coordinate scales of 96 timothy (Phleum
pratense L.) genotypes selected from a current breeding base population in principal coordinate
analysis (PCOA) performed with matrix of Dice coefficients framed by 28 SSR markers. PC1 and
PC2 respectively represent the first and second principal coordinates. Symbols A-G correspond
to the groups A-G in the unweighted pair group method using arithmetic average clustering (Fig.

6.6).
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Use of genetic diversity on DNA markers to increase forage yield

in timothy (Phleum pratense L.)

Summary

Heterosis—the superiority of a progeny to its parents—underpins the long-term rapid
yield improvement in maize (Zea mays L.). Historically, attempts of estimations of the
genetic distances (GDs) and its predicting heterosis have been reported for several
plants. Several studies have indicated that molecular marker-based GDs can provide
breeders helpful information for yield improvement. However, breeding of forage
grasses and legumes including timothy (Phleum pratense L.) has achieved low or
nonexistent gains for forage yields, where breeders have mainly emphasized the
accumulation of additive effect with a wide array of the other target traits. A potentially
effective way to improve forage yield in the future is to capitalize on non-additive gene
action by variety development such as “clone and strain synthesis (CSS)” with the aim
of capturing heterosis or specific combining ability (SCA). This study was conducted to
assess breeding methods for long-term rapid improvement of forage yields with taking
up timothy as experimental materials, which occupies approximately 80% of total
grassland in Hokkaido. Increased timothy yield is expected to strongly affect the

livestock industry and environment around grasslands in Hokkaido.

1: Genetic gains and heritability for forage yields of timothy in Japanese breeding

programs (Chapter 2)

An initial step of the breeding strategy needs to identify genetic gains or heritability for
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forage yield in timothy breeding programs in Hokkaido. The aims of this study were to
evaluate genetic gains and narrow sense heritability based on datasets of timothy
local-adaptability tests in Hokkaido since the 1960s, polycross progeny tests at the
Kitami Agricultural Experiment Station (KAES), Hokkaido since the 1970s and a
parent—offspring simultaneous test of 15 representatives of early maturing timothy
breeding population at KAES. The genetic gains were estimated using the slope
coefficients of simple linear regression predicting yield performance of 16
recommended varieties in Hokkaido, where the value of ‘Climax’ equals to 100, with
released year of the varieties. The heritability among half-sib families was estimated by
variance components in restricted/residual maximum likelihood of the mixed effect
model based on 11 polycross progeny tests. Heritability among individuals within
half-sib families was estimated by the correlation coefficient between annual dry matter
yields (DMYs) during two years (2011-2012) of 15 seed parents and their polycross
half-sib progenies. These results showed small but steady genetic gains (3.1% per
decade in early maturing hay type and 6.6% per decade in medium maturing), a medium
heritability (4> = 0.43) among half-sib families, and a low heritability (7" = 0.03)
among individuals within half-sib families. Significant (p < 0.05) difference of genetic
gains among early and medium maturing type is expected to depend on their genetically
background and breeding stages. Selection simulation in early maturing breeding
population showed a potential of genetic gain of 5.4% per decade, and suggested a
limitation of exploitation of additive effects and necessary of additionally exploiting

non-additive effects for yield improvement.

2: Marker-based genetic distances among timothy genotypes in polycross breeding
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and its relation to forage yield (Chapter 3)

Molecular marker technologies might provide an important tool to overcome the forage
yield plateau in timothy. Therefore, this study was designed to investigate the relation
between marker-based GD estimates and yield in polycross mating designs. Genetic
distances were estimated using Dice coefficients framed by 28 simple sequence repeat
(SSR) markers. In Experiment 1, parents with high general combining ability (GCA)
from two contrasting first-generation synthetic strains (exhibiting high and low yields)
were compared. Average GDs of each strain were 0.74 (high) and 0.68 (low). These
differences indicate that GD might partially constitute the basis for contrasting yields. In
Experiment 2, GDs among 40 parents of a polycross were used for calculating the
general genetic distance (GGD), which is indicative of their allelic complementation.
Analyses revealed a significant (p < 0.01) moderate correlation () between GGD and
GCA for yield (r = 0.45) and a significant (p < 0.01) residual mean square for the
regression of yield on GGD, suggesting that considerable non-additive effects were
associated with GCA. The results are indicative of the potential use of GD estimation

for yield improvement in timothy.

3: DNA profiling of seed parents and a top-cross tester and its application for yield
improvement in timothy (Chapter 4)

Assessment of genetic diversity based on DNA profiling contributes to the selection of
superior parents for heterosis. The objective of this study was to investigate how closely
the yields of timothy top-cross progenies are related to the genetic diversity between
their seed parents and the pollen tester parent ‘Aurora’, and to predict their yield

potentials from the index based on SSR marker polymorphisms. Genetic diversity
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among 67 genotypes, which consisted of 16 plants of timothy variety ‘Aurora’, the
pollen parent for top-cross testers, and 51 clones derived from breeding populations was
evaluated based on 28 SSR markers carrying 408 alleles. Marker-based GD was
estimated for all possible pairs of genotypes. Then the mean of the GD between each
seed parent and the top-cross tester (GDr) was also assessed to ascertain the relation
between GDr and yields of top-cross progenies. The GDr were 0.65-0.76, and a
correlation coefficient between the GDt and yields of their progenies was 0.68 (p <
0.001). These results strongly suggest that GD can be expected to provide reliable
information related to the yields of the assumed top-cross progeny lines and that it will
help breeders to accelerate yield improvements for a practical breeding program of

timothy with the goals of exploiting heterosis or SCA.

4: Development of timothy “clone and strain synthesis” strains by combining
top-cross progenies (Chapter 5)

The CSS, where strains are synthesized by combining two top-cross progeny
comprising two seed parental clones (SPs) and a pollen parental strain (PP), have the
capacity to integrate a reciprocal recurrent selection (RRS) in breeding of forage grasses
and legumes including timothy aiming at improvement of both GCA and SCA. In this
study, relative contributions of GCA and SCA in the first (Synl) and second synthetic
generation (Syn2) of CSS strains and yield performances of subsequence generations of
a CSS strain were demonstrated through development of timothy CSS strains. These

approaches can engender proposals for a feasible RRS scheme with CSS development.

4.1: Relative contributions of general and specific combining abilities in timothy
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“clone and strain synthesis” breeding scheme

Estimating the effects of GCA and SCA helps breeders to allocate resources for parental
selections in CSS breeding scheme because various genetic effects such as GCA of
parental materials (SPs and PP) and SCA among parental materials are expected to
influence the forage yields of Synl and Syn2 of CSS strains, respectively. This study
was conducted to examine the relative contributions of GCA and SCA to forage yield in
CSS breeding scheme by predicting yields of Synl and Syn2 with molecular marker and
field evaluation data. Multiple linear regression analysis, used to predict yields of
top-cross progenies, where standardized partial regression coefficients of GDt between
SPs and a tester as PP and GCA of SPs were 0.68 and 0.35, shows a greater contribution
of SCA in yields rather than GCA. These results demonstrate that molecular marker
diversity can be anticipated for wider use in the identification of different heterotic
groups in a current timothy breeding population. Marker-based GDs among SPs and
sum of GCA of two SPs examined using best linear unbiased prediction values were
selected as the explanatory variables in the yield prediction models in Syn2, suggesting
that utilization of putative heterotic groups as the first step in a RRS approach should be
selection based on GCA of SPs and SCA among SPs. An adoption of elite clones as SPs
of CSS strains, selected from putative heterotic groups formed by molecular markers,
results in the efficient development of high-yielding strains with exploiting SCA among
SPs. The CSS development presents some important advantages over conventional
cultivar synthesis: RRS with two or three heterotic groups can be established in CSS;

also, current leading cultivars are useful as the PP.

4.2: Evaluation of forage yield performance in advanced generations of timothy
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“clone and strain synthesis” strain

The CSS is similar to variety synthesis to boosting improvement of yield in perennial
and self-incompatible forage grasses such as timothy. This study was conducted to
investigate the scale of inbreeding depression in advanced generations of CSS. The
second to fourth synthetic generations (Syn2—4) of timothy CSS strain, ‘Kitakei 04306,
were compared for cumulative annual DMYs and some traits of 2009-2011. No
significant difference was found among the generations for any examined characteristic,
aside from a slight yield decrease (—1.7% for Syn2—4) with the advance of generations.
Furthermore, DMY of Syn4, corresponding to a generation propagated as commercial
seeds, remained 9.0% higher than that of its PP. These results indicate the yield
superiority of ‘Kitakei 04306°. No risk of severe yield decrease in CSS was indicated by

results of our limited experiments.

5: Proposal for reciprocal recurrent selection combined with “clone and strain
synthesis” using genetic diversity on DNA markers in timothy and its prospects
(Chapter 6)

The objective of this study is a proposal for an RRS scheme with CSS development to
increase forage yields in timothy. Here the author discussed feasible RRS schemes using
genetic diversity based on SSR marker polymorphism with selection simulations judged
from the results in Chapter 2—-5. The selection simulations of three patterns combined
procedures of top-cross or polycross progeny tests were performed on the assumption
that only two heterotic groups were identifiable by genetic diversity on SSR markers,
and that an initial PP was not improved in selection schemes. Among the three patterns,

the RRS scheme, which established top-cross progeny tests in one group and polycross
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progeny tests in the other group, showed approximately twice the genetic gains (AG =
10.3% per decade) for yields as much as that in among- and within-half-sib family
selection with avoiding loss of increase of additive effect. In actual timothy breeding at
KAES, many extreme-early to late maturing primary CSS strains were developed. They
have been examined in yield trials. Thirteen extreme-early maturing CSS strains, which
attain the most advanced breeding stage at KAES, have been examined in multi-location
yield trials since 2012. Some of them exhibited higher yields than the check variety
‘Kunpu’ as their PP in 2013 at all locations. The first CSS variety might be released in
2018 as the Hokkaido recommended variety. Moreover, putative heterotic groups in the
early maturing current breeding population had been identified based on 28 SSR marker
diversity, and RRS of the breeding population will be started in 2015. Operations of
RRS with CSS development using genetic diversity on SSR markers are just launched
in timothy breeding at KAES. In the future, these approaches are expected to achieve
long-term rapid yield improvement in timothy. Finally, the author hopes this work can
help environment-friendly agricultural system through increased production of

high-quality, domestically self-sufficient feeds.
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Appendix

This appendix provides program codes for selection simulations in R statistical software

A: Code for a simulation of among- and within-half-sib family selection in Chapter 2

gendat <- function(nc,

r)

{

nv <- ncol(r)

z <- matrix(rnorm(nv*nc), ncol=nv)

r2 <- cor(z)

res <- eigen(r2)

coeff <- solve(r2) %*% (sqrt(matrix(res$values, nv, nv, byrow=TRUE))*res$vectors)
z <- t((t(z)-colMeans(z))/sqrt(apply(z, 2, var)*(nc-1)/nc)) %*% coeff
return(z %*% chol(r))

}

trial <- 100
for (try in 1:trial) {

sample.among <- 80

sample.within <- 1600

P.among <- 16

P.within <- 80

sigma.BLUPO <- 0.338

mu <- 11.1

m.BLUPO <- ©

h.among <- 0.43

h.within <- 0.05

inbreeding <- 0.85

dat <- gendat (sample.among, matrix(c(1, ©, 0, 1), ncol=2))
a.among® <- (dat[,1]-mean(dat[,1]))*sqrt(h.among)
e.among® <- (dat[,2]-mean(dat[,2]))*sqrt(1-h.among)
BLUP.among@ <- a.among@ + e.amongo

a.among@ <- a.among®/sd(BLUP.among0)*sigma.BLUPO+m.BLUPO
BLUP.among@ <- a.among@ + e.amongo

sigma.a.among@ <- sd(a.amongd)

sigma.e.among@ <- sd(e.amongd)

dat.among@ <- cbind(a.among@,e.among®,BLUP.amongo)
m.a.amongl <- mean (dat.among@[,1])

sortlist <- order(dat.amongo[,3])

dat.among® <- dat.among@[sortlist, ]

i <- sample.among-(P.among-1)

Jj <- sample.among

selection.among@ <- dat.among@[i:j, ]

m.a.within® <- mean(selection.among®[,1])
S.a.amongd<-m.a.within®-m.a.among@

S <- mean(selection.among@[,1])-m.a.amonge@

dat <- gendat (sample.within, matrix(c(1,0,0,1), ncol=2))
a.within® <- (dat[,1]-mean(dat[,1]))*sqrt(h.within)
e.within@ <- (dat[,2]-mean(dat[,2]))*sqrt(1-h.within)

VvV VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVVYV
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sigma <- sd(a.withine)

a.within@ <- a.within@*(sigma.a.among@*sqrt(3)/sigma)+m.a.amongo+S*0.5
e.within@ <- e.within@*(sigma.a.among@*sqrt(3)/sigma)

BLUP.within@ <- a.within® + e.within®@

sigma.a.within@ <- sd(a.withine)

sigma.e.within@ <- sd(e.within®)

m.a.within® <- mean (a.within®)

dat.within® <- cbind(a.within@,e.within@,BLUP.within®)

sortlist <- order(dat.withine[,3])

dat.within@ <- dat.within@[sortlist, ]

i <- sample.within-(P.within-1)

j <- sample.within

selection.within@ <- dat.within@[i:j, ]

sigma.a.withinl <- sd(selection.withine[,1])

sigma.a.amongl <- sigma.a.withinl/sqrt(3)

m.a.amongl <- mean(selection.within@[,1])

S <- mean(selection.within®[,1])-m.a.within®

dat <- gendat (sample.among, matrix(c(1,0,0,1), ncol=2))
a.amongl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.amongl+m.a.within@+S
e.amongl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongo
BLUP.amongl <- a.amongl + e.amongl

dat.amongl <- cbind(a.amongl,e.amongl,BLUP.amongl)

m.a.amongl <- mean(dat.amongl[,1])

Yhss@ <- (m.a.amongl + mu)*(1 - (2*3-1)/(3)*(1-inbreeding)/80)

sortlist <- order(dat.amongl[,3])
dat.amongl<-dat.amongl[sortlist, ]

i <- sample.among-(P.among-1)

j <- sample.among

selection.amongl <- dat.amongl[i:j,]

m.a.withinl <- mean(selection.amongl[,1])
S.a.amongl<-m.a.withinl-m.a.amongl

S <- mean(selection.amongl[,1])-m.a.amongl

dat <- gendat(sample.within, matrix(c(1,0,0,1), ncol=2))
a.withinl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.withinl+m.a.amongl+5*0.5
e.withinl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.within@
BLUP.withinl <- a.withinl + e.withinl

dat.withinl <- cbind(a.withinl,e.withinl,BLUP.withinl)
m.a.withinl <- mean(dat.withinl[,1])

sortlist <- order(dat.withinl[,3])

dat.withinl <- dat.withinl[sortlist,]

i <- sample.within-(P.within-1)

j <- sample.within

selection.withinl <- dat.withinl[i:j,]

sigma.a.within2 <- sd(selection.withinl[,1])

sigma.a.among2 <- sigma.a.within2/sqrt(3)

m.a.among2 <- mean(selection.withinl[,1])

S <- mean(selection.withini[,1])-m.a.withinl

dat <- gendat (sample.among, matrix(c(1,0,0,1), ncol=2))
a.among2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among2+m.a.withinl+S
e.among2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongo
BLUP.among2 <- a.among2+e.among2

dat.among2 <- cbind(a.among2,e.among2,BLUP.among2)

m.a.among2 <- mean(dat.among2[,1])

Yhssl <- (m.a.among2 + mu)*(1-(2*3-1)/(3)*(1-inbreeding)/80)
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sortlist <- order(dat.among2[,3])

dat.among2 <- dat.among2[sortlist, ]

i <- sample.among-(P.among-1)

j <- sample.among

selection.among2 <- dat.among2[i:j,]

m.a.within2 <- mean(selection.among2[,1])

S.a.among2 <- m.a.within2-m.a.among2

S <- mean(selection.among2[,1])-m.a.among2

dat <- gendat (sample.within, matrix(c(1,0,0,1), ncol=2))
a.within2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.within2+m.a.among2+5*0.5
e.within2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.within@
BLUP.within2 <- a.within2 + e.within2

dat.within2 <- cbind(a.within2,e.within2,BLUP.within2)
m.a.within2 <- mean(dat.within2[,1])

sortlist <- order(dat.within2[,3])

dat.within2 <- dat.within2[sortlist, ]

i <- sample.within-(P.within-1)

j <- sample.within

selection.within2 <- dat.within2[i:j,]

sigma.a.within3 <- sd(selection.within2[,1])

sigma.a.among3 <- sigma.a.within3/sqrt(3)

m.a.among3 <- mean(selection.within2[,1])

S <- mean(selection.within2[,1])-m.a.within2

dat <- gendat(sample.among, matrix(c(1,0,0,1), ncol=2))
a.among3 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among3+m.a.within2+S
e.among3 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongd
BLUP.among3 <- a.among3+e.among3

dat.among3 <- cbind(a.among3,e.among3,BLUP.among3)

m.a.among3 <- mean(dat.among3[,1])

Yhss2 <- (m.a.among3+ mu)*(1-(2*3-1)/(3)*(1-inbreeding)/80)

sortlist <- order (dat.among3[,3])

dat.among3 <- dat.among3[sortlist, ]

i <- sample.among- (P.among-1)

j <- sample.among

selection.among3 <- dat.among3[i:j,]

m.a.within3 <- mean(selection.among3[,1])

S.a.among3 <- m.a.within3-m.a.among3

S <- mean(selection.among3[,1])-m.a.among3

dat <- gendat (sample.within, matrix(c(1,0,0,1), ncol=2))
a.within3 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.within3+m.a.among3+5*0.5
e.within3 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.within@
BLUP.within3 <- a.within3 + e.within3

dat.within3 <- cbind(a.within3,e.within3,BLUP.within3)
m.a.within3 <- mean(dat.within3[,1])

sortlist <- order(dat.within3[,3])
dat.within3<-dat.within3[sortlist, ]

i <- sample.within-(P.within-1)

j <- sample.within

selection.within3 <- dat.within3[i:j,]

m.a.amongd <- m.a.within3+(mean(selection.within3[,1])-m.a.within3)
Yhss3 <- (m.a.among4 + mu)*(1 - (2*3-1)/(3)*(1-inbreeding)/80)

}
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B: Code for a simulation of the pattern A of reciprocal recurrent selection (RRS) with

clone and strain synthesis (CSS) development in Chapter 6

trial <- 100
for (try in 1:trial) {

sample.among <- 80
sample.within <- 1600
P.among <- 16
P.within <- 80

mu <- 11.1

m.BLUPO <- ©
sigma.BLUPO <- 0.338
m.GDO <- 0.70
sigma.GDO <- 0.0476
R <- 0.37

h.among <- 0.43
h.within <- 0.05
inbreeding<-0.85

p <- 2

dat <- gendat(sample.among, matrix(c(1,e,e,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
MDSx@ <- dat[,3]*sqrt(R)

MDSy@ <- dat[,4]*sqrt(1-R)

GDO <- matrix(@, sample.among, sample.among)

for (i in 1:sample.among) {

for (j in 1:sample.among) {

if (i ==3J){
GDO[1i,j] <- NA
} else {
GDO[1i,j] <- sqrt((MDSx@[i]-MDSxO[j])"2+(MDSye[i]-MDSy@[j])"2)
}
}
}

MDSx®@ <- MDSx@/sd(GDO[!is.na(GDO)])*sigma.GDO
MDSy@ <- MDSy@/sd(GDO[!is.na(GD@)])*sigma.GDO
for (i in 1:sample.among) {
for (j in 1l:sample.among) {

if (i ==3J){
GDO[i,j] <- NA
} else {
GDO[1i,j] <- sqrt((MDSx@[i]-MDSxO[j])"2+(MDSye[i]-MDSy@[j])"2)
}
}
b

CcO <- m.GDO-mean(GDO[!is.na(GDO)])

a.among® <- (dat[,1]-mean(dat[,1]))*sqrt(h.among)
e.amongd <- (dat[,2]-mean(dat[,2]))*sqrt(1-h.among)
BLUP.among@ <- a.among@+e.amongo

a.among@ <- a.among®/sd(BLUP.among0)*sigma.BLUPO+m.BLUP@
e.among® <- e.amongd/sd(BLUP.among0)*sigma.BLUPO
BLUP.among@ <- a.among@+e.amongo

sigma.e.among® <- sd(e.among®)

YV VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYyV
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dat.among@ <- cbind(a.among@,e.among®,BLUP.among@, MDSx0, MDSy@)
m.a.among® <- mean(dat.among@[,1])

sortlist <- order(dat.amongo[,4])

dat.amog@ <- dat.among@[sortlist, ]

group <- rep(c(1,2), rep(sample.among/2,2))
dat.among@ <- cbind(dat.among@,group)

for (i in 1:sample.among) {

for (j in 1:sample.among) {

if (i==73){
GDo[i,]j] <- ©
} else {

GDO[1i,j] <- sqrt((dat.among@[i,4] - dat.amongd®[j,4])"2 + (dat.among@[i, 5] -
dat.among@[j,5])"2) + ce@

}

}

j <- sample.among/2

k <- sample.among/2+1

GDvsP@ <- c(rep(@,sample.among))

for (i in 1:3) {

1 <- ¢ (GDO[1i,k:sample.among])

GDvsPO[i] <- mean(l)

}

for (i in k:sample.among) {

1 <- c (GDO[1,1:3])

GDvsPO[i] <- mean(l)

¥

dat.among@ <- cbind(dat.among@,GDvsP9)

m.a.amongPA <- mean(dat.among@[1:3,1])

m.a.amonglB <- mean(dat.among@[k:sample.among,1])
sigma.a.amongPA <- sd(dat.among@[1:7j,1])
sigma.a.amongoB <- sd(dat.among@[k:sample.among,1])
m.MDSx.among@A <- mean(dat.among@[1:7,4])

m.MDSy .among@A <- mean(dat.among@[1:j,5])
m.MDSx.amongOB <- mean(dat.among@[k:sample.among,4])
m.MDSy.among@B <- mean(dat.among@[k:sample.among,5])
sigma.MDSx.amongPA <- sd(dat.among@[1:j,4])
sigma.MDSy.among@A <- sd(dat.among@[1:j,5])
sigma.MDSx.amongdB <- sd(dat.among@[k:sample.among,4])
sigma.MDSy.amongoB <- sd(dat.among@[k:sample.among,5])

j <- -8.57310802049102

k <- 42.7967595960015

1 <- 2.6972471265371

PYtxp0 <- c(rep(0,sample.among))

for (i in 1:sample.among) {

PYtxp@[i] <- j + k*dat.among@[i,7] + l*dat.among®[i,3]
¥

dat.among® <- cbind(dat.among@,PYtxpo)

sortlist <- order(dat.amongo[,8])
dat.amongd <- dat.among@[sortlist, ]
sortlist <- order(dat.amongd[,6])
dat.among@ <- dat.among@[sortlist, ]
j <- sample.among/2-2

k <- sample.among/2
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1 <- sample.among-2

m <- sample.among

selection.css@ <- rbind(dat.among@[j:k,],dat.amongd[1l:m,])

BLUP.css@ <- c(rep(0,9))

GD.css@ <- c(rep(0,9))

for (i in 1:3) {

for (j in 4:6) {

BLUP.css@ [3*(i-1)+j-3] <- selection.css@[i,3]+selection.cssO[],3]
GD.cssO[3*(i-1)+j-3] <- sqrt((selection.css@[i,4] - selection.css@[j,4])"2 +
selection.css@[i,5] - selection.css@[j,5])"2) + c@

}

}

PYcss@ <- c(rep(0,9))

PYcss@ <- 19.659684525915 * (1 - (2*3-1)/(3)*(1 - inbreeding)/p) + 12.9403195740276
GD.css@ * (p - 1)/p + 2.39576708678515 * BLUP.css@ * (p - 1)/p

Ycss@ <- mean(PYcssO)

sortlist <- order (dat.among@[,8])
dat.among@ <- dat.among®[sortlist, ]
sortlist <- order (dat.among®[,6])
dat.among@<-dat.among@[sortlist, ]

j <- sample.among/2-(P.among/2-1)

k <- sample.among/2

1 <- sample.among-(P.among/2-1)

m <- sample.among

selection.among@A <- dat.among@[j:k, ]
selection.among@B <- dat.among@[1l:m, ]

S.a.amongPA <- m.a.within@A-m.a.among@A

m.MDSx.within@A <- mean(selection.among@A[,4])
S.MDSx.within@A <- m.MDSx.within@A-m.MDSx.among0A
m.MDSy.within@A <- mean(selection.among@A[,5])
S.MDSy.within@A <- m.MDSy.within®A-m.MDSy.among@A
sigma.MDSx.amonglA <- sd(selection.among@A[,4])
sigma.MDSy.amonglA <- sd(selection.among@A[,5])

dat <- gendat (sample.within/2, matrix(c(1,0,0,1), ncol=2))
a.within®@ <- (dat[,1]-mean(dat[,1]))*sqgrt(h.within)
e.within@ <- (dat[,2]-mean(dat[,2]))*sqrt(1-h.within)
BLUP.within® <- a.within® + e.within@

sigma <- sd(a.within®)

a.within®@ <- a.within@/sigma*sigma.a.among@A*sqrt(3)+m.a.amongOA+S.a.amongoA*0.5
e.within@ <- e.within@/sigma*sigma.a.among@A*sqrt(3)
BLUP.within® <- a.within® + e.withine@

sigma.a.within@A <- sd(a.within®)

sigma.e.within@A <- sd(e.within®@)

m.a.within@A <- mean(a.within®@)

dat.within@A <- cbind(a.within@, e.within@, BLUP.within®@)

m.a.within@B <- mean(selection.among@B[,1])
S.a.amonglB <- m.a.within@B-m.a.amongoB
m.MDSx.within@B <- mean(selection.among@B[,4])
S.MDSx.within@B <- m.MDSx.within®B-m.MDSx.among@B
m.MDSy.within@B <- mean(selection.among@B[,5])
S.MDSy.within@B <- m.MDSy.within@B-m.MDSy.amongoB
sigma.MDSx.amonglB <- sd(selection.among@B[,4])

>
>
>
>
>
>
>
>
>
(
>
>
>
>
*
>
>
>
>
>
>
>
>
>
>
>
>
>
> m.a.within@A <- mean(selection.among@A[,1])
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
> sigma.MDSy.amonglB <- sd(selection.among@B[,5])
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dat <- gendat (sample.within/2, matrix(c(1,0,0,1), ncol=2))
a.within@ <- (dat[,1]-mean(dat[,1]))*sgrt(h.within)
e.within@ <- (dat[,2]-mean(dat[,2]))*sqrt(1-h.within)
BLUP.within@ <- a.within® + e.within®@

sigma <- sd(a.withine)

a.within®@ <- a.within@/sigma*sigma.a.among@B*sqrt(3)+m.a.amonglB+S.a.amongodB*0.5
e.within@ <- e.within@/sigma*sigma.a.among@B*sqrt(3)
BLUP.within@ <- a.within® + e.withine@

sigma.a.within@B <- sd(a.within®)

sigma.e.within@B <- sd(e.within®)

m.a.within@B <- mean(a.within®)

dat.within@B <- cbind(a.within®@,e.within®@,BLUP.within®@)

sortlist <- order (dat.within®A[,3])

dat.within@A <- dat.within@A[sortlist,]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.within@A <- dat.within@A[i:j, ]

sigma.a.withinlA <- sd(selection.withine@A[,1])

sigma.a.amonglA<- sigma.a.withinlA/sqrt(3)

m.a.amonglA <- mean(selection.within@A[,1])

dat <- gendat(sample.among/2, matrix(c(1,90,0,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.amongl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.amonglA+m.a.amonglA
e.amongl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongo

BLUP.amongl <- a.amongl + e.amongl

MDSx1A <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.amonglA+ m.MDSX.among@A+

.MDSx.within@A*@.5

MDSy1A <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.amonglA+ m.MDSy.amongoA+

.MDSy .within@A*e.5

dat.amonglA <- cbind(a.amongl,e.amongl,BLUP.amongl,MDSx1A ,MDSy1A )
m.MDSx.amonglA <- mean(MDSx1A)
m.MDSy .amonglA <- mean(MDSy1A)

sortlist <- order (dat.withineB[,3])

dat.within@B<-dat.within@B[sortlist, ]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.within@B <- dat.withineB[i:j, ]

sigma.a.withinlB <- sd(selection.withineB[,1])

sigma.a.amonglB<- sigma.a.withinlB/sqrt(3)

m.a.amonglB <- mean(selection.within®@B[,1])

dat <- gendat(sample.among/2, matrix(c(1,e,0,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.amongl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.amonglB+ m.a.amonglB
e.amongl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.among®

BLUP.amongl <- a.amongl + e.amongl

MDSx1B <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.amonglB+ m.MDSx.among@B+

.MDSx.within@B*@.5

MDSy1B <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.amonglB+ m.MDSy.among@B+

.MDSy .within@B*@.5

dat.amonglB <- cbind(a.amongl,e.amongl,BLUP.amongl,MDSx1B ,MDSy1B )

.MDSx.amonglB <- mean(MDSx1B)

m.MDSx.amonglB <- mean(MDSx1B)
m.MDSy .amonglB <- mean(MDSy1B)

dat.amongl <- rbind(dat.amonglA, dat.amonglB)

group <- rep(c(1,2), rep(sample.among/2,2))
dat.amongl <- cbind(dat.amongl,group)
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GD1 <- matrix(@, sample.among, sample.among)
for (i in 1:sample.among) {
for (j in 1:sample.among) {

if (i==73){
GD1[i,j] <- ©
} else {

vV V V V V V Vv Vv

GD1[i,j] <- sgrt((dat.amongl[i,4] - dat.amongl[j,4])"2 + (dat.amongl[i,5] -
dat.amongl[j,5])"2) + c@
}
}
}
j <- sample.among/2
k <- sample.among/2+1
GDvsP1 <- c(rep(@,sample.among))
for (i in 1:3) {
1 <- c (GD1[i,k:sample.among])
GDvsP1[i] <- mean(l)
}
for (i in k:sample.among) {
1<- c (GD1[1i,1:3])
GDvsP1[i] <- mean(l)
}
dat.amongl <- cbind(dat.amongl,GDvsP1)
j <- -8.57310802049102
k <- 42.7967595960015
1 <- 2.6972471265371
PYtxpl <- j + k*dat.amongl[,7] + 1l*dat.amongl[,3]
dat.amongl <- cbind(dat.amongl,PYtxpl)

sortlist <- order (dat.amongl[,8])
dat.amongl<-dat.amongl[sortlist, ]
sortlist <- order (dat.amongl[,6])
dat.amongl<-dat.amongl[sortlist, ]

j <- sample.among/2-2

k <- sample.among/2

1 <- sample.among-2

m <- sample.among

selection.cssl <- rbind(dat.amongl[j:k,],dat.amongl[1l:m,])
BLUP.css1<-c(rep(0,9))

GD.css1<-c(rep(0,9))

for (i in 1:3) {

for (j in 4:6) {

BLUP.css1 [3*(i-1)+j-3] <- selection.cssl1[i,3]+selection.css1[],3]
GD.css1 [3*(i-1)+j-3] <- sqrt ((selection.css1[i,4] - selection.css1[j,4])"2 +
(selection.css1[i,5] - selection.css1[j,5])"2) + c@

>}

>}

>

> PYcssl <- c(rep(0,9))

> PYcssl <- 19.659684525915 * (1-(2*3-1)/(3) * (1-inbreeding)/p) + 12.9403195740276 *
GD.css1 * (p-1)/p + 2.39576708678515 * BLUP.css1 * (p-1)/p

> Ycssl <- mean(PYcssl)

>

> j <- sample.among/2-(P.among/2-1)

> k <- sample.among/2

YV VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYV
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1 <- sample.among-(P.among/2-1)

m <- sample.among

selection.amonglA <- dat.amongl[j:k, ]
selection.amonglB <- dat.amongl[l:m, ]

.a.withinlA <- mean(selection.amonglA[,1])

.a.amonglA <- m.a.withinlA-m.a.amonglA

.MDSx.withinlA <- mean(selection.amonglA[,4])

.MDSx.withinlA <- m.MDSx.withinlA-m.MDSx.amonglA

.MDSy.withinlA <- mean(selection.amonglA[,5])

.MDSy.withinlA <- m.MDSy.withinlA-m.MDSy.amonglA

sigma.MDSx.among2A <- sd(selection.amonglA[,4])

sigma.MDSy.among2A <- sd(selection.amonglA[,5])

dat <- gendat (sample.within/2, matrix(c(1,0,0,1), ncol=2))

a.withinl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.withinlA+m.a.amonglA +

nsunmws ns

.a.amonglA*Q.5

e.withinl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.within@A
BLUP.withinl <- a.withinl + e.withinl

dat.withinlA <- cbind(a.withinl,e.withinl,BLUP.withinl)
m.a.withinlA <- mean(dat.withinlA[,1])

.a.withinlB <- mean(selection.amonglB[,1])

.a.amonglB<-m.a.withinlB-m.a.amonglB

.MDSx.withinlB <- mean(selection.amonglB[,4])

.MDSx.withinlB <- m.MDSx.within1B-m.MDSx.amonglB

.MDSy .withinlB <- mean(selection.amonglB[,5])

.MDSy .withinlB <- m.MDSy.withinl1B-m.MDSy.amonglB

sigma.MDSx.among2B <- sd(selection.amonglB[,4])

sigma.MDSy.among2B <- sd(selection.amonglB[,5])

dat <- gendat (sample.within/2, matrix(c(1,0,0,1), ncol=2))

a.withinl <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.within1B+ m.a.amonglB +

nsunvws uns=s

.a.amonglB*@.5

e.withinl <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.withineB
BLUP.withinl <- a.withinl + e.withinl

dat.withinlB <- cbind(a.withinl,e.withinl,BLUP.withinl)
m.a.withinlB <- mean(dat.withiniB[,1])

sortlist <- order(dat.withinlA[,3])

dat.withinlA <- dat.withinlA[sortlist,]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.withinlA <- dat.withinlA[i:j,]

sigma.a.within2A <- sd(selection.withinlA[,1])

sigma.a.among2A <- sigma.a.within2A/sqrt(3)

m.a.among2A <- mean(selection.withinilA[,1])

dat <- gendat (sample.among/2, matrix(c(1,9,9,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.among2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among2A+ m.a.among2A
e.among2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongo

BLUP.among2 <- a.among2 + e.among2

MDSx2A <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.among2A+ m.MDSx.amonglA+

.MDSx.withinlA*@.5

MDSy2A <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.among2A+ m.MDSy.amonglA+

.MDSy .withinlA*@.5

dat.among2A <- cbind(a.among2,e.among2,BLUP.among2,MDSx2A ,MDSy2A )
m.MDSx.among2A <- mean(MDSx2A)
m.MDSy.among2A <- mean(MDSy2A)
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sortlist <- order (dat.withiniB[,3])

dat.withinlB <- dat.withinlB[sortlist, ]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.withinlB <- dat.withinlB[i:j, ]

sigma.a.within2B <- sd(selection.withiniB[,1])

sigma.a.among2B<- sigma.a.within2B/sqrt(3)

m.a.among2B <- mean(selection.withinlB[,1])

dat <- gendat (sample.among/2, matrix(c(1,9,9,90,90,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.among2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among2B+ m.a.among2B
e.among2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.among®

BLUP.among2 <- a.among2 + e.among2

MDSx2B <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.among2B+ m.MDSx.amonglB+

.MDSx.withinlB*@.5

MDSy2B <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.among2B+ m.MDSy.amonglB+

.MDSy .withinl1B*@.5

dat.among2B <- cbind(a.among2,e.among2,BLUP.among2,MDSx2B ,MDSy2B )
m.MDSx.among2B <- mean(MDSx2B)

m.MDSy .among2B <- mean(MDSy2B)

dat.among2 <- rbind(dat.among2A, dat.among2B)

group <- rep(c(1,2), rep(sample.among/2,2))

dat.among2 <- cbind(dat.among2,group)

GD2 <- matrix(@, sample.among, sample.among)
for (i in 1:sample.among) {
for (j in 1l:sample.among) {

if (i ==3) {
GD2[i,j] <- @
} else {

GD2[1i,j] <- sqrt ((dat.among2[i,4] - dat.among2[j,4])"2 + (dat.among2[i,5] -
dat.among2[j,5])"2) + c@
}

}

}

j <- sample.among/2

k <- sample.among/2+1

GDvsP2 <- c(rep(@,sample.among))

for (i in 1:3) {

1 <- c(GD2[1i,k:sample.among])

GDvsP2[i] <- mean(l)

¥

for (i in k:sample.among) {

1 <- c(@GD2[i,1:7])

GDvsP2[i] <- mean(l)

}

dat.among2 <- cbind(dat.among2, GDvsP2)

j <- -8.57310802049102

k <- 42.7967595960015

1 <- 2.6972471265371

PYtxp2 <- j + k*dat.among2[,7] + l*dat.among2[,3]
dat.among2 <- cbind(dat.among2,PYtxp2)

sortlist <- order (dat.among2[,8])
dat.among2 <- dat.among2[sortlist, ]
sortlist <- order(dat.among2[,6])

dat.among2 <- dat.among2[sortlist, ]
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>

> j <- sample.among/2-2

> k <- sample.among/2

> 1 <- sample.among-2

> m <- sample.among

> selection.css2 <- rbind(dat.among2[j:k,],dat.among2[1:m,])

> BLUP.css2<-c(rep(0,9))

> GD.css2<-c(rep(0,9))

> for (1 in 1:3) {

> for (j in 4:6) {

> BLUP.css2 [3*(i-1)+j-3] <- selection.css2[i,3]+selection.css2[j,3]

> GD.css2 [3*(i-1)+j-3] <- sqrt((selection.css2[i,4] - selection.css2[j,4])"2 +
(selection.css2[i,5] - selection.css2[j,5])"2) + c@

>}

>}

>
>
>

PYcss2 <- c(rep(0,9))

PYcss2 <- 19.659684525915*(1-(2*3-1)/(3) * (1-inbreeding)/p) + 12.9403195740276 *
GD.css2 * (p-1)/p + 2.39576708678515 * BLUP.css2 * (p-1)/p
Ycss2 <- mean(PYcss2)

j <- sample.among/2-(P.among/2-1)

k <- sample.among/2
1 <- sample.among-(P.among/2-1)

m <- sample.among
selection.among2A <- dat.among2[j:k, ]
selection.among2B <- dat.among2[1l:m, ]

.a.within2A <- mean(selection.among2A[,1])

.a.among2A <- m.a.within2A-m.a.among2A

.MDSx.within2A <- mean(selection.among2A[,4])

.MDSx.within2A <- m.MDSx.within2A-m.MDSx.among2A

.MDSy .within2A <- mean(selection.among2A[,5])

.MDSy .within2A <- m.MDSy.within2A-m.MDSy.among2A
sigma.MDSx.among3A <- sd(selection.among2A[,4])
sigma.MDSy.among3A <- sd(selection.among2A[,5])
dat <- gendat (sample.within/2, matrix(c(1,0,0,1), ncol=2))
a.within2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.within2A+ m.a.among2A +

.a.among2A*0.5
e.within2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.withineA
BLUP.within2 <- a.within2 + e.within2
dat.within2A <- cbind(a.within2,e.within2,BLUP.within2)
m.a.within2A <- mean(dat.within2A[,1])

nsunvws uns=s

.a.within2B <- mean(selection.among2B[,1])

.a.among2B <- m.a.within2B-m.a.among2B

.MDSx.within2B <- mean(selection.among2B[,4])

.MDSx.within2B <- m.MDSx.within2B-m.MDSx.among2B

.MDSy.within2B <- mean(selection.among2B[,5])

.MDSy.within2B <- m.MDSy.within2B-m.MDSy.among2B
sigma.MDSx.among3B <- sd(selection.among2B[,4])
sigma.MDSy.among3B <- sd(selection.among2B[,5])
dat <- gendat(sample.within/2, matrix(c(1,0,0,1), ncol=2))
a.within2 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.within2B+ m.a.among2B +

.a.among2B*0.5
e.within2 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.withineB
BLUP.within2 <- a.within2 + e.within2
dat.within2B <- cbind(a.within2, e.within2, BLUP.within2)

VVVONVVVVVVVVVVVVVVYVYVONYVYVVVVYVVVVVVYVVVVVYVYVYV
nsunmvws uns
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m.a.within2B <- mean(dat.within2B[,1])

sortlist <- order(dat.within2A[,3])

dat.within2A<-dat.within2A[sortlist, ]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.within2A <- dat.within2A[i:j,]

sigma.a.within3A <- sd(selection.within2A[,1])

sigma.a.among3A<- sigma.a.within3A/sqrt(3)

m.a.among3A <- mean(selection.within2A[,1])

dat <- gendat (sample.among/2, matrix(c(1,9,9,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.among3 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among3A+ m.a.among3A
e.among3 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.among®

BLUP.among3 <- a.among3 + e.among3

MDSx3A <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.among3A+ m.MDSX.among2A+

.MDSx.within2A*0.5

MDSy3A <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.among3A+ m.MDSy.among2A+

.MDSy .within2A*@.5

dat.among3A <- cbind(a.among3,e.among3,BLUP.among3,MDSx3A ,MDSy3A )
m.MDSx.among3A <- mean(MDSx3A)
m.MDSy .among3A <- mean(MDSy3A)

sortlist <- order (dat.within2B[,3])

dat.within2B <- dat.within2B[sortlist, ]

i <- sample.within/2-(P.within/2-1)

j <- sample.within/2

selection.within2B <- dat.within2B[i:j, ]

sigma.a.within3B <- sd(selection.within2B[,1])

sigma.a.among3B <- sigma.a.within3B/sqrt(3)

m.a.among3B <- mean(selection.within2B[,1])

dat <- gendat(sample.among/2, matrix(c(1,0,0,0,0,1,0,0,0,0,1,0,0,0,0,1), ncol=4))
a.among3 <- (dat[,1]-mean(dat[,1]))/sd(dat[,1])*sigma.a.among3B+ m.a.among3B
e.among3 <- (dat[,2]-mean(dat[,2]))/sd(dat[,2])*sigma.e.amongo

BLUP.among3 <- a.among3 + e.among3

MDSx3B <- (dat[,3]-mean(dat[,3]))/sd(dat[,3])*sigma.MDSx.among3B+ m.MDSx.among2B+

.MDSx.within2B*0.5

MDSy3B <- (dat[,4]-mean(dat[,4]))/sd(dat[,4])*sigma.MDSy.among3B+ m.MDSy.among2B+

.MDSy .within2B*@.5

dat.among3B <- cbind(a.among3,e.among3,BLUP.among3,MDSx3B ,MDSy3B )
m.MDSx .among3B <-mean(MDSx3B)

m.MDSy .among3B <-mean(MDSy3B)

dat.among3 <- rbind(dat.among3A, dat.among3B)

group <- rep(c(1,2), rep(sample.among/2,2))
dat.among3<-cbind(dat.among3, group)

GD3 <- matrix(@, sample.among, sample.among)
for (i in 1:sample.among) {
for (j in 1:sample.among) {

if (1 =13) {
GD3[i,j] <- @
} else {

GD3[i,j] <- sqgrt((dat.among3[i,4] - dat.among3[j,4])"*2 + (dat.among3[i,5] -

dat.among3[j,5])"2) + c@

}
}
}
J

<- sample.among/2
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k <- sample.among/2+1

GDvsP3 <- c(rep(@,sample.among))
for (i in 1:j) {

1 <- ¢ (GD3[i,k:sample.among])
GDvsP3[i] <- mean(l)

}

for (i in k:sample.among) {

1 <- c (GD3[1,1:3])

GDvsP3[i] <- mean(l)

}

dat.among3 <- cbind(dat.among3,GDvsP3)

>
>

>

>

>

>

>

>

>

>

>

>

> j <- -8.57310802049102

> k <- 42.7967595960015

> 1 <- 2.6972471265371

> PYtxp3 <- j + k*dat.among3[,7] + l*dat.among3[,3]
> dat.among3 <- cbind(dat.among3,PYtxp3)
> sortlist <- order (dat.among3[,8])
> dat.among3<-dat.among3[sortlist, ]
> sortlist <- order (dat.among3[,6])
> dat.among3<-dat.among3[sortlist, ]
>

>

>

>

>

>

>

>

>

>

>

>

j <- sample.among/2-2
k <- sample.among/2
1 <- sample.among-2
m <- sample.among
selection.css3 <- rbind(dat.among3[j:k,],dat.among3[1:m,])
BLUP.css3<-c(rep(0,9))
GD.css3<-c(rep(0,9))
for (i in 1:3) {
for (j in 4:6) {
BLUP.css3 [3*(i-1)+j-3] <- selection.css3[i,3] + selection.css3[7,3]
GD.css3 [3*(i-1)+j-3] <- sqrt ((selection.css3[i,4] - selection.css3[j,4])"2 +
(selection.css3[i,5] - selection.css3[j,5])"2) + c@
>}
>}
> PYcss3 <- c(rep(0,9))
> PYcss3 <- 19.659684525915 * (1-(2*3-1)/(3)*(1-inbreeding)/p) + 12.9403195740276 *
GD.css3 * (p-1)/p + 2.39576708678515 * BLUP.css3 * (p-1)/p
> Ycss3 <- mean(PYcss3)
>

>}
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FEV—IZEITHNEHHREDT-HD DNA ZE D F|H

C3

AT rYA (BRPWBLED bINER EDOIEE TENDELS) ZH LI E D F, MfE
HIE, 20 A LOREORBOZBOVESTHD. 0O FIHEELEAZERALELL
WENEIM L hyEr a2y (Zea mays L) OERESEITR 20 (%10 4) & @
SND. ZLOEMT, Rl DNA 2878 E b BIGIEREZ KD, ~T v ARE L
TFHLED ET2RLDBEHLINOHRESNTND. W DONDOHE TIX, DNA v—F
—OFMICLY, NEROKRICARRERPHFOND Z L2 L TS, —7, %
A - IEME 2 R L D BEH O SIS RIS T, [EMEOEE IR 2 L 2N EH
EhTW5b. ENDOFES— (Phleum pratense L.) D FES R 2 & MEERICIIT S
INENEDSRIT, FEHINOHMROSE BICH AN E I, BRI E O 22 880 2
BT BEHERIRICHENT, ~T e 20FHANBETH 5. AUFETIE, iRE TR
HERBETHLTEL—ICERZH T, ~7T 1 AORRE HRBRICHHH L CILENE
DL BEFNRZE LD ED L7201, FICREOEREMEHI AW CEBMIT 24TV, DNA
~— A —ZMEFIH LT LB REEOREZ M Lz,

F AT, JLfFE TOTE > — MY RITI T IR EOBIAERS B L BRFRIT
WTRRFET L7z, 1960 AR ARSI LB &t C I M U 72 SR i AR & s s 3 1
DINEMEDHERE G, PRE A MR D INEEOBEE T, 3.1 (%10
) LHEESH, ZOMOBEH TOWE & FRITIEVWVETH > 72, SRR BRAHRE
11 R COEMEFHINE LRSI TT M LT L7fER, BRI OISR S
e (P =043) Thoio. BRER L ZOBRMRABH 15 MA M L7281 RN E OfG

B BRAEERR OBIERIIERD TR - 72 (7 =0.03). ZHOFEEE S LI L8
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WL alb—rarnh, RO RIZ I IR SN INEEOBEEREIL, &
KT54 (%/104E) Thotz. ~T L 2OFAN, HEINEORIEN /W B LE
ThdZEePrEhi.

DNA ~——IZ X 52BN IX, POROILEMES R O 2 T C & 5 algetED &
L. TIT, ARnER KOS RRBERRZ HVT, SSR v —H—28 X7 DL
BRI LB OBEEERE (GD) L H%ROIEEOBEREFE L. BlRERDO—
BALAEREST (GCA) EWIT &30 b TRADINED 722 2 S OE Rl fE 2 H
W2 ERER T, BURER R A O GD OB, WIFFE Y DL TH - 72 %H8 T 0.74,
INEBDEN > TR TIL 0.68 ThHhoT-. —ODELZEEENDOBINER & FDOEER
VTR TIE, BARKEOUENE & B OB G (GGD) OICAE R
EOFE (r=045) BbHotz. ZhHDZ Ennn, B O GD 3% O EM: & BfR
TLIENAOMNTRoT. Fio, ZERBEARMOIEL GGD DRI DR,
R ZEHOSHIIA R CThH o 7. DNA ~— I —IZ LA 5, GD ICBIE T % E{5
hER L TR OBIBNE, TbbAT 1 o RS LM R 2350 T & 5 AlRetE i m &
nre.

DNA £MC K 28EAR & RBEAUEOEL, ~7 v v AORERY/H I HER
RBURRORKICHERTE 5. WEER N (4 —r F ) 2Ehi, SAFREEH
ARETEHLE L by PRSI R A N T, MO GD & %A EeE o BG4 3
T L7-. GD EUXEMEOMBNL, 0.68 (p < 0.001) & B E -T2, — R 72 FE A
BRIRIKOITIETIX, ~7T a7 4 v 7 70—7 (HG; BEN L D LA TRV SCA D3 fE
DR SN DEN) MOFEMATEES (SCA) OWEIC b v 7 RREHRABREN NS
5. DNA ZRNCESWEBBMEIT & by T REERREORMAIZL - T, ~T ey
2 DN SCA ZFIH LT 2B A FBL T D TREMEA R STz,

200 by FRBERRI A AAOE THBT 5 CSS (clone and strain synthesis) 1%
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(X, 3 OORH (FEFBL 2 BRI LOEBL 1 R/ (2R VMRS, METEER %K
TOHG OFHICHE LG s fiE DAL ThH 5. RRBR T, CSSEIZ X 5 %HBA%
ZEUT, () A2 ROIEIZEIT D GCA R SCA ORI % 5 & (i) FisfE 1
OHARUTAEY T 2 B IR ONT, INEMEZETe CSS RFEDEE DL EMEIZ DN T
MRt L7z by 7% 6 Rt A EHT CSSTEIC L W AR L7 15 (=C,) RiHE (CSS
F) OFERK 2 ROWEZBEIFICY TXDOTRER, by 7 RBEROIENE, FE78
? GCA, FEFPL—EBBI# O GD I X OFEFEIM O GD DA E OB, FEf
B GCA LHETEIHIO GD MEIRE N, £ b OIEREVERAREIEL, £ Ei 0.55,
053 Th-olz. 2O LMD, NERMZICRHZ BT 2R L LT, & HG »
5 CSS RMOFEFBURBRBEMABRILT L LNRYTHDL LEZ LN, TD,
FEE 15 BHOUE o THEHR 04306) 1I2OWT, ARk 2~4 oAk 21T -7, 2
DEA FHEICHAR R CHEBEZIE 2 o 2. RSB T, ENICEIME T2
B (—1.7%, Bk 2~4 1) BHbN70, [HE% 04306) ARk 4%, EH#E T4 —
77 TR 109%E 2N TH o 7=, CSS R OFER 112 Y T 5 i\ T, i
REFRMNE X DERO 2N L PR TE 7.

PLEORBRE R A2 S LICEM LB E Y S 2 L—2 3 v, FE 2 —2IEAED
BHIEIZ A1) 72 DNA 228 2] L 7oA RIE A R B LT, ZOFEORKY A1 2
VBT OINEMEDOHINE 62% TH Y, BV A 7 VICET LML 6 FLRET D
L, PERIEOHIFFE ORI 2 fE2F NS5 103 (%710 4F) OBAZES RN RIAENT-.
F7o, ERIEL LT, RBEOHINIROEINTFARE Ch-72Z b, Rifts
BT D BT, ERIEIC L 0 B LB A IS BB B OB KRIT V2N AR ER
2. BUEOBREEETIE, PIICHER L CSS ZMICOWT, EEEFT CAEIBIE
R Z L L CWDERHCH D, b T T ATV AMEAEFRRTICONTIE, B

BEMAEE LT2I8FIZBERTHZE2HELT, BBz EMPTHDS. ZNHDHR
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FEREDOHIZ, BN 3 T CEM L2 AERERBROTHICRB N T, 24FEHOIET
Y EEAERREE RN LTS, £/, 28DNA ~v—h—t v h&EHW
T, FABMRHEM OB 96 EE) 5, HG OEffi % 8E L. fHEREHIEE 2015
END BB CTRFAT2ZEAABL T, REMBREZFEM L TWDHEETH L. AT
WTIRELICBEGIEAZEN T2 L1280, REMIZINEEZ IR LT &2 —Hh
TEBRE AR X, ALHEiE OFK RS eI BT DR iRl & B S HATE 2 Tk &

L7 R EEOHEICHENT 5 Z E /T 5.

152



